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I. INTRODUCTION

The family of animals - Bovidae (ruminants), characterized by their
ability to consume large quantities of fibrous feeds, have evolved
through many millions of years into the domesticated species which today 1
constitute one of the most important components of animal agriculture.
Their specialization as forage consumers is dependent on the capacious
nature of a portion of their digestive tract (rumen), and the micro-
organisms living in a symbiotic relationship within this organ. 1t is
these microflora and microfauna which are the actual converters of Fhe
cellulosic forage components into nutrients which can be absorbed and
utilized by the host animal.

It is hypothesized that the ruminants of the Eocene period evolved
and survived due to their ability to hurriedly ingest large quantities
of grassy materials, rapidly retreat from carmivorous predators, and
regurgitate, remasticate and reinsalivate the foodstuffs contained in
their rumen at their leisure. Although these traits no longer have any
survival value to the domesticated ruminants of today, these same
characteristics have in part enabled these species to play a dominant
role in the production of human food. Modern-day commercialization of
animal husbandry has resulted in an intensive effort to increase the
efficiency of meat, milk, and wool production, an important manifestation
of which is the feeding of rations which most economically can result in
high levels of production.

Although ruminants may not be as efficient as other cldsses of
livestock when efficiency is defined in terms of units of fead needed .
to produce a given unit of product, they compare more favorably when the ‘

rations used to feed the various classes of livestock are examined
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qualitativaly. For while species such as swine and poultry require high
energy concentrate feeds to maintain levels of efficient production,
ruminants have the ability to utilize relatively low energy and low cost
fibrous feeds. 1In addition, because of the high human population
densities in relation to available food supplies in many parts of the
world, people in these areas cannot always afford the luxury of raising
livestock on concentrate feeds more efficiently used directly as human
food sources. On the other hand, forage crops fed to ruminants are for
the most part not utlilizable by humans, and are gemerally grown on land which
cannot be adapted to more intensive crop production. Even in those more
privileged areas where agriculturists can justifiably use concentrate
feeds in animal ratioms, correct agronomic practice dictates the exclusive
use of forage crops on certain types of land as & conservation measure and
the inclusion of forage in crop rotation systems as an aid in maintakning
soil fertility.

The recognition that forages may vary widely in quality necessitates
the study of the cause an& effect of these differences on the efficient
use of forage crops in all phases of animal productiom. Insight into
the complexity of studying qualitative aspects of forage utilization can
be realized when we examine the numerous types of forages (pasture,
silage, and hay - among the most important) frum grass, legume, or mixed
sources, which are fed to the various domesticated ruminants (cattle,
sheep, goats, and water buffalo - among the most common) for a variety
of purposes (reproduction, lactation, growth, maintenance, and work).

In evaluating forage crops for their specific roles in animal nutritionm,
accurate and concise criteria of nutritive quality which can be determined

with speed and precision must be chosen.



Since a cardinal prerequisite in measuring forage quality is the
ability to apply experimental results directly to problems of animal
production, it ia customary to use &s primary experimental subjects the
same types of animals to which the infpormation obtained will be eventually
applied. The soundness of thisg reasoning is affirmed by the multitude of
nutritional experiments successfully carried out over the past several
decades with growing and fattening cattle and shaep as well as lactating
cows. The criterion of forage quality in these tests usually becomes
some measurement of actual production in reference to the diet consumed.

Another type of nutritional study also makes use of farm animals
as experimemtal subjects, although in this case they are usually in a
non-productive (maintsnance) state. This type of study is illustrated
by the determination of coefficients of digestibility of various diet
fractions. These experiments usually have the advantage of more
intensive study with a limited number of animals, but their success is
dependent on the establishment of a definite relationship between the
criteria being determined and some aspect of actual animal productivity.

Although feeding trials comstitute an essential tool in the study of
animsl nutritionm, their use in the evaluation of feedstuffs has definite
limitations. The principles of experimental and statistical design
dictate that adequate numbers of animals must be used with appropriate
control treatments included and that replication of wesults is
necessary. Therefore a properly designed experiment testing tBe quality
of a forage material with cattle, for example, might cover a period of
several months with several tons of feed material required. Although
less demanding, forage evaluation tests with sheep (as conducted at

Macdonald College) are approximetely 3-4 months in length and require



a piniomm of 500 pounds of each of the forages to be tested. These
situations serve to indicate the naed for accurate methods of forage
evaluation which can be rapidly performed utilizing small samples of the
test materials.

Many "laboratory type' systems for evaluating forages have been
suggested including the chemical and physical anmalysis of various plant
componsnts, the use of '"laboratory size'' animals such as rabbits, and
the use of cellulolytic microorganisms to determine in vitro cellulose
digestion. For any of these systems to be useful assays of forage quality,
a high correlation must be established between the observed data and
certain criteria of forage quality, previously defined in animal trials.
Of equal importance, the criteria of forage quality which are chosen
mist be adequate in completely describing mutritive value, since a
"laboratory method" highly correlated to some inadequate nutritive
measure is thus limitad in practical applicatiom.

The purpose of the research to be described in this thesis was to
develop an in vitro rumen farmentation system which, with a high degree
of accuracy and reproducibility, could be used as a tool in forage
evaluation. A successful ip vitro method would have the ability to
predict forage nutritive value, based on actual samples obtained from

in vivo trials. The measure or index of forage nutritive value to which

the in vitro data were correlated was based on sheep forage experiments
conducted by the Department of Nutrition at Macdonald College over a
period of several years,

A corollary of the above study, also described in this thesis, was
the examination of various factors affecting the accuracy and
reproducibility of the proposed in vitro system in the prediction of

forage quality.



II. REVIEW OF LITERATURE 5

A. NUTRITIVE VALUE OF FORAGES FOR RUMIMANTS.

1. Function of rumen.
a) Early views.

Although records have dated the existence of domestifated cattle

to the ancient civilizations of Mesopotamia, Egypt, and India (approxim-
ataly 5000 B.C.), it is only within the past hundred years that knowledge
as to the exact machanism of ruminant digestion has been elucidated.
Until the middle of the ninetesnth century the popular belief concerning
the rumen, the largest compartment of the ruminant stomach, was that it
functioned as a storage organ. It was thought that this structure
enabledlthoae ahimals to consume large quantities of fibrous feeds thus
being able to make up in quantity what was lacking in quality of feed.
varlo (1785) describes the "maw' [rumen] as "a place by nature designed
for a repository.” Comstock (1836) designated the rumen as the "large
sac, or store room.'" The concept was clearly one that ruminants
utilized forages only because they had adequate capacity to store this
bulky material in their rumen.

The study which perhaps Llnaugurated the sclence of ruminology was
reported by Haubner in 1855 (cited by Sijpesteijm, 1948), in which by
analyzing the hay fed to an ox as well as the resultant feces for crude
fiber, he found that 60% of this constituent had been digested. Armsby
(189€) comments on this discovery as follows: "Cellulose was long thought
to be indigestible. Haubner was the first to show ... this ... was
erroneous, and that ruminants were capable of digesting large quantities
of this substance."” Haubner's observation was quickly confirmed by
other workers, laying the groundwork for future revelations concerning

ruminant digestion.



b) Role of microorganisms.

Siipesteitin (19W9) hns reviewed reports published i{n the latter
half of the nineteenth century in which the site nf cellulnse disestion
vas identified as the rumen, and rumen liquid shovn to possess cellulon-
lytic activity. The agent responsible for this activity vas a matter of
contrwersy emong many of the workers of this perind, with Tappetiner
suggasting in 14 that microerranisms present in the rumen were
reeponsihte for cellulose depradation. This latter point was firmly
established bv several workers in the succreding decades resulting in
extensive studies of rumen microorganisms. Hovever much information
still remains to be clucidated on this subiect.

Brvant (1“5“), in a recent review nf bacterial species of the
rumen, sumnarizes the rumen pracesses which have been shovm tn he due
to microbial activity as follows: "Deeradation nf carbnhydrates such
as cellulose that cannot be utilized unless dipested by micruoorganisms
and those such as starch and certain supars that can be utilized by the
animal withsut microbial aection. Proteins, organic acids, and many other
feed constituents are also attacked."

The situaticon in regard to the large number of pratozoa present in
the rumen is not as clear, in that theilr pnssible significance to the
putritinn of the hast has not been fully substantiated., Oxford (1955)
hasg reviewed the literature c~ncerning the rumen ciliate protozna.

¢) Nutritive value of celluloge.

Armsby (180() stated that the digested portion of crude fiber had
bean showm "to consist of cellulose only, which has exactly the
composition of sterch ... and therefore {s azsumed t» have the same

nutritive value as the latter.”" Kellner (191%Z} substantiated this
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hypothesis in studies comparing the ability of crude fibar ("straw pulp")
to store body fat vhen fed to oxen in comparison to digestible starch,
finding "it [Erude fiber] has about the seme effect as pure starch.” On
the basis of observaticns by several workers, Armsby (1917) suggested that
the products of the "destructive fermentation'' of cellulose were "carbon
dioxid [8i¢] and methane and small amounts of hydrogen, which are excreted,
and various organic acids of the aliphatic series which combine with the
alkalies of the saliva ... . The salts thus formed are resorbed and
constitute the sole contribution which cellulose makes to the nutrition
of the body. The principal acids formed appear to be acetic and butyric,
although others are present.”

The actual significance of the products of cellulose digestion -
the volatile fatty acids, to the nutrition of the ruminant was not fully
appreciated until ?xperiments reported by British workers in the 19h40's
as to the actual metabolism of these fatty acids. Phillipson (1947)
reviewing the literature on this subject, suggested that an important
prerequisite to the knowledge of fatty acid metabolism was the develop-
ment by Elsden of a chromatographic method of separating a mixture of
volatile fatty acids. "By this technique he Elsden] proved that the
principal acid present is acetic, and that two higher acids also are
formed, namaly, propionic and butyric." Phillipson estimated that the
lower fatty acids are produced in the ruman in sufficient quantity to
supply at least 40 per cent. of the fasting energy requiremeﬁts.

Of recent interest, Shaw et al. (1960) have shown that when a
diet of stearmed corn and ground hay was fed to steers there was a

marked decrease in the molar proportion of rumen acetate and an equally

marked increase in the moilr proportion of rumen propionate, as compared



to gsteers fed an unalterad ratfon. With the increase in propionate it
was noted that the efficiency of feed utilization increased 15.3% and
body weight gain increased 22%. They suggested that "both rate and
efficiency of body weight gain in beef cattle may be controlled to a
remarkable degree by controlling rumen microbial metabolism."

The preceding reports serve to summarize the nutritional
contribution of the cellulose component of forages in the diet of
runinants as madiated through the cellulolytic rumen microorganisms.
These microorganisms degrade cellulose to form as end-products the
volatile fatty acids, which upon absorption through the rumen wall
enter into various pathways of intermediate metabolism to serve as a
major energy supply for the host.'

2. Criteria used to evaluste forages.

a) Available energy.

"It is obvious that in the feeding of the individual animal a
primary consideration must be the adequacy of the energy supply.
Shortages of dietary energy are usually far more important causes of
low prodﬁctivity in farm livestock than are dietary deficiencies of
vitamins, minerals, or amino acids (Blaxter, 1956)."

"Available energy, rather than some specific mutrient, is the
fundamental limiting factor in the nutritive value of forage. ... 1f
a forage is consumed in amounts to meet energy needs, it will normally
also meet the needs with respect to protein, calcium, and phosphorus
(Crampton, 1957)."

"Much more nutriment is required to maintain normal energy
metabolism than all other purposes combined. There is a high degree

of likelihood that if this need is satisfied that all other essential



requirements will be incidentally covered.(Swift, 1957)."

""The main purpose saerved by forages in the diet of ruminants is
the provision of energy (Reid et a&l., 1959)."

As indicated by the above statements, there appears to be
unanimous agreement that the most Mbportant criterion of the nutritive
value of a forage is the amount of available energy’ it supplies to
the animal. Acceptance of this premise necessitates that all proposed
criteria of forage nutritive value be examined in terms of their
relationship either directly or indirectly, to the measurement of
available energy.

i, Net epergy.

From a theoretical standpoint, the ideal method of measuring the
nutritive value of a2 forage in terms of available energy is by
cadorimetry techniques in which all ''expenses' of feed utilization are
subtracted from the gross energy of a feed, leaving that portion of the
energy available solely for productive purposes. This measure, termed
net energy, was suggested by both Kellner and Armsby at the beginning of
this century, and today is the basis of essentially all European methods
of assessing nutritive value of feedstuffs,

Practical criticisms of the net energy system have evolved
because of the difficulties encountered in its determination. These
include the elaborate and expensive equipment required, the lengthy
process of accumulating data (Blaxter, 195), and the many factors

affecting its determination unrelated to the nutritive composition of the

! Available energy might be defined as that portion of the gross energy
of a feedstuff which i3 available to the animal for productive
purposes.



feed (Swift, 1957). Although it would be technically impossible to use
this system to rapidly measure forage crop quality, its maximm useful-
ness may be in elaborating general principles in regard to comparative

feed quality.

ii. Metaholizable energy.
This measure énrrects'the gross energy of feeds for energy losses
in the feces, urine, and methane produced by the animal. The difficulty
fa its determination involves the mecasurement of methane production,
either directly (requiring claborate equipment) or indirectly (involving
computations based on digestible carbohydrate).

When forages alone are considered, the relationship between
metabolizable and the much easier determined digestible energy are
relatively constant, as suggested by Swift (1957 who found a correlation
coefficient of 0.98 between the two measures. He suggested that this
high correlation "lends further support for the use of digestible energy

as a simple and meaningful measure of nutritive value."

i1i. Digestible energy.

Although arrived at by different methnds, the following criteria
are all essentially measures of energy value in which the gross energy
of a feed is corrected for fecal energy losses: total digestible
nutrients (TDN)I, digestible energy (DE), digestible calories, digest-

ible dry matter, and digestible organic matter.

1 TDN differs from the other measures of digestible energy in that in
&ddition to accounting for fecal energy losses, the energy equivalent
of protein is also corrected for urinary nitrogen energy losses

(Crampton, 195%).
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The TDN system evolved and is still used extensively in North
America, although questions as to its accuracy in measuring the energy
content of feeds, particularly forages, have often been raised. Ome |
objection is the observation that TDN values for forages are not "as
valuable for productive purposes as the TDN in concentrates (Moore et al.,
1953)." This is based on the fact that energy losses through combustible
gas formation and heat loss are relatlvely larger for roughages than for
concentrates (Maynard and Loosli, 1.5C).

Parhaps a more serious objection to the use of TDN in forage
evaluation is the observation that "poor quality'" forages tend to be
overevaluated in comparison to so-called ‘'good quality" forages.

Blaxter (1956) compared the TDN system and several Furcpean systems based
on net energy in evaluating two representative forages, one being an
artificially dried grass (19% crude protein) and the other a grass hay
with a % crude protein content . The TDN values suggested that the
former hay was superior to the latter only by a factor of 29Y%, while the
systems based on net energy estimated the artificially dehydrated grass
to be 4G to 80% superior, depending on the system used. Morrison (1956)
compared the TDN values for average alfalfa hay, average grass hay, and
oat straw, and suggested that ''no experienced stockman believes that

oat straw is really worth over four-fifths as much as good alfalfa hay,
or nearly as much as average grass hay, for stock being fed for
production.”

The fact that the actual determination of TDN is a lengthy and
complicafed procédure has motivated many workers to suggest similar

nethods of measuring feed-fecal energy differences. Crampton (1955)



proposed the use of digestible calories, since '‘the procedure for the
energy measurement by calorimetry is straightforward, involves no
assumptions as to relative importance of energy-yielding components, is
rapid, and can be adapted to routine manipulation by technicians."

Swift (195¢) likewise suggested that digestible energy is "obviously more
_direct and accurate and free from empirical procedures and assumptions

[than TDN}L"

b) Voluntary intake.

Huffman (1959) noted that "palatability is frequently used to
denote appetite'" but that appetite measured in terms of total feed
consumed is influenced by many factors including palatability, emviron-
mental temperature, inheritance, and health of the animal. Voluntary
intake may be defined as total feed consumption under ad libitum feeding
conditions.

Early workers recognized that forage quality, intake level, and
production were closely related. Armsby (189€) suggested that "in
rapid fattening it is especially important to induce the animal to eat
as large a quantity [of forage] as possible.”" Kellner (1013) defined
the best hay as "distinguished ... by its tenderness, aroma, and
exceptional palatableness."

It is only within recent years that it has been suggested that
voluntary intake may serve as a quantitative measure of frrage quality.
According t» a classification scheme for forapges proposed by Crampton
(1956), average daily voluntary intake was directly proportional to the
available energy content of a forage. He further elaborated (Crampton,
1957), that '"the feeding value of a forage depends primarily on the

magnitude of its contribéition toward the daily energy need of an
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animal," and that differances between forages, in this respect, "are
almost completely a consequence of the relative amounts in which they are
voluntarily consumed.' Sheep feeding trials over a period of several
years at Macdonald College have confirmed this hypothesis. Lister (1957),
and Smith (1958), found significant differences in voluntary intake
between 5 species of hay. Smith (1958), and Beacom (1954), found
significant correlations between voluntary inteke and liveweight gains.
Jeffers (1960) demonstrated that voluntary intake of timothy hay
decreased with advancing maturity. '

Crampton (1957) proposed that "a practical numerical rating of
feeding value might be given to a forage by expressing its voluntary
daily consumption as a percentage of a 'normal' or 'expected' value of
3.0 1b. (dry weight) per 100 1b. of live weight of animal.”" Reid et al.
(1955) stated that the common denominators of forage quality include
intake of forage dry matter and the concentration of energy in forage,
with the pruduct of these two factors equal to forage energy intake.
Crampton et al. (1960) formalized this relationship into a "Nutritive
Value Index" (N.V.I.) for evaluating forage quality. The N.V.IL. of a
forage was arrived at by multiplying its percent energy digestibility
by its "Relative Intake', as determined in in vivo trials. Relative
Intake of a forage is an expression of the voluntary intake of a forage

computed per unit of metabolic size of the test amimal (Ncightkgo‘75) in

relation to a standard forage.



B. IN VITRO ROUMEN FERMENTATION METHODS.

1, Early {n vityro studies.

Becavse of the many difficulties encountered in studying
digestive pracesses in the intact ruminant, early emphasis was placed
on the development of appropriate in vitro techniques which could make
significant contributions to the science of ruminology. A precedent in
the use of in vitro procedures had been set in the classical studies of
human digestion by Beaumont (1833), who, obtaining gastric juice from
the stomach of an accidentally fistulated gubject, mixed it with various
foodstuffe in small vials which were placed in a sand bath "being kapt
ag near as practicable at the natural temperature, 100° Fahranheit,
with frequent agitation.” Beaumont was thus abla to detarmine the
time required to digest the foodstuffs in vitro and to compare these
data with the digestion time as deterwined by inserting the sama
foodstuffs directly into the intact stomach through the fistula,

Probably the first application of in vitro techniques in the
study of ruminant nutrition was made by Tappeiner in 1884 (cited by
Sijpesteiin, 1948). 1In an attempt to determine the site of fiber
(cellulosa) digestion, he incubated undiluted samples of rumen, small
intestine, and a mixture of caecum and colom contents in bottles
maintained at body temperatures After an incubation period of saveral
days he noted that the fiber was digested in the rumen, and in the
mixed caecum and colon contents, but not in those of the small
iantestine. He therefore concluded that the former were the sftes of
fiber digestion in the intact animal. Tappeiner also established in

in vitro atudies that the microorganisms normally present in the rwmen
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contents were responsible for the cellulolytic activity obsgerved.

He demonstrated this by adding a microbicide (chloroform) to rumen

contents which was then found to lose its ability to degrade cellulose.
Many other workers following Tappeiner continued to use various

agpects of cellulose utilization by rumen microorganisms, and a series

of reports by Woodman and co-workers were outstanding in their

contribution to the development of in vitro methods. In their earlier

studies (Woodman and Stewart, 1928), they cultureda thermophilic cellulo-

lytic bacterium isolated from well-rotted horse manure. Optimum growth

of this organism was obtained under aerobic conditions (at a temperature

of 65°C), with filter paper providing & purified cellulosa substrate.

In addition to fermentations conducted in all-glass aystensl

, they
attempted to demonstrate the end-products of cellulose digestion by
placing the cellulose substrate and bacterial inoculum in collodion

sacs which were immersed in distilled weter. Using this technique they
could not positively demonstrate that glucose, their postulated cellulose

fermentation end-product, dialyzed into the digtilled water, unless

toluene (a microbicide) was added to the fermentation mixture after

1 An all-glass in vitro rumen fermentation system might be defined as
one in which the microbial inoculum, nutrient medium, and (cellulose)
substrate are combined in a glass container, with no provision
generally for the removal of fermentation end-products. Thig is in
contrast to a semipermeable system in which the inoculum and
subgtrate are contained in a closed sac constructed of a material
possessing semipermeable properties, which allow fermentation
end-products to dialyze out of the fermentation area into a liquid
contained in an outer chamber.
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active fermentation had started. 1In a later report,an all-glass

in vitro system using subcultures of the previnusly isolated thermo-
philic organism was used in the study of the digestion of both native
and isolated forage crude fiber (Woodman and Stewart, 1932). The long
incubation period of 1Y% days used in this study illustrates the
relatively low cellulolytic activity obtained in their system. The
final paper in this series (Woodman andfgzgia#%, 10%2) {5 perhaps the
greatest contribution of this group to improved in vitro methodology,

as attested to by the fact that many of the techniques described in this
study are still used in in yitro rumen procedures. In contrast to their
use of a thermophilic organism igolated frcm horse maaure in previous
studies, they were able to obtain bacterial inoculum from the rumen
contents of sheep. This Inoculum was added to a simple nutrient medium
consisting of several inorganic salts and a "pinch of casein”, and

using ground filter paper as a purified cellulose substrate, the
fermentation mixture was incubated at 37°C. 1In this study they found
no essential difference in the nature of the volatile fatty acids
produced whether aerobic or anaerobic conditions were maintained. The
shortcomings in their in vitro and/or chemical procedures are i{llustrated
by the fact that they could not detect propionic acid, a wmajor fermenta-
tion product of normal rumen bacteria, in their fermentation mixtures,

2, Development of modern in vitro systems.

With increasing information becoming available concerning the
biochemical, physinlogical, amd microbfological aspects of ruminology,
attempts werce made to utilize this knowledge in the improvement of
in vitro fechniques. The concept developed that an-in vitro rumen

——— e ——

fermentation system should duplicate as closely as possible the
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conditions found within the intact rumen, an ''experimental imitation
of the milicu" {Marstom, Ll94j), if results obtaincd with these in vitro
systems were tu be applied to an in vive situatlom.
Pearson and Smith (19%3a) found that because of the heterogeneous
nature of ruuen cuntents and lack of experimental coatrol in the intact
vivu experiments could not be regardea as 'supplying evidence

animal, 1

———

either lor or against the theory that urea is cunvertéd tv protein in the
rumen.  As a result of Lhis observation, they developed an in vitre
technique (Pearson and Smith, 1,:5b) by whica they would Le able to
study urea utiiization by rumen micruurganisms. Using an all-glass
system with "rumen liquor’ inoculum ubtained by pressing rumen lngesta
through wuclin, they studied the conversion of an urea substrate to
amaonia during an 8-day incubatiun period at 593C. Iu these exsperiments
they studied the infiuence of varfous factors on the urea-splitting
puwer ol rumen contents ia vitruo. These factors included; gas phase,
with €Oy being "slightly wore efficlent than nitrogen or air’;
temperature, with urea conversion reaching the waximum at 4;°C; and pll,
the optimum fulling between [ and ). In further studies (Pearson and
Smith, 1.43c¢,, a microbivlogical examination of the fermentation
mixture was mude by F.Baker, who stated, ' that even after 1 day's
incubation great changes had taken piace in the nicroflora and fauna,

A} ’

so that the 'microbiological picture' at the end of one uay bure little

resemb lance to that in the initial sample.” As a result of these

i
observations, they adopted a shurt incubation period of - to 4-hours
in all subsequeut work, and were able to demonstrate duriung this time

-

the microbiolougical synthesis of protein from non-proutein nitrogen

syurces.,
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Further imprevements in in vitro techmiques were mtréduecd
by Marston (1948), who constructed an elaborate all-glass ip vitro
system which contained 3 liters of a mixture of a complex inorganic
nutrient medium and bacterial inoculum, using purified cellulose
obtained from birch wood or filter paper as a substrate. He was
possibly the first to use geparated bacterisl cells as inoculum in
in vitro studies. The rumen liquid which he obtained from newly
slaughtered sheep was centrifuged at high speed in a Sharples super-
centrifuge, with the sedimented cells resuspended and concentrated in
phosphate buffer (pH 5.5) constituting the inoculum. Anaerobic
conditions were maintained during fermentation periods of 2k to 48
hours by bubbling nitrogen through the fermentation mixture. Using
this in vitro system, in which 34 to 69% of the cellulose substrate
was digested, he was able to quantitatively determine gaseous and other
products of microbial fermentation,

Because of the increasing complexity of the in vitro rumem
fermentation studies that chronologically followed those of Marstom,
the succeeding discussien will be subdivided according to the mmjor
. agpects of the in vitro systems; with a discussion of the various
wmethods of preparing microbial inoculum followed by a description of
the major types of in vitro systems that have been 'wolv‘d.

a) Microbial imeculum.

1. Rumen liguid.
Although rumen liquid inoculum, prepared by straining rumen

ingeata obtained either from fistulated or newly slaughtered animals
or by means of a stomach tube, was used in some of the earliest

in vitro studies, it is still used in many systems bacause of the




‘relative simplicity of its preparation, its characteristically high
microbial activity, and close microbial similarity to actual rumen
material due to the minimal "processing" which takes place in its
preparation. Its use is advantageous when in vitro experiments do
not involve detailed study of the effect of various lewvels of
nutrients or other substances on microbial activity, since in this
case the addition of substances found in the rumen, other than micro-
organisms, may lead to erroneous results and lack of experimental
control.

Workers using strained rumen liquid in recently reported

n vitro studies include: Barnett and Reid (1957); Adler et al. (1958);

——

Hershberger et al. (1959); Reid et al. (1959); and Stewart and Warnmer
(1959).

Johnson et al. (1958) have proposed a modified procedura for
obtaining rumen inoculum which may have definite advantages over the
method of obtaining rumen liquid by straining rumen ingesta. In their
procedure, they discard the original rumen liquid expressed from the
ingesta, and add a definite amount of phosphate buffer (pH 7) to a
welghed quantity of the solid ingesta residue. After a thorough
mixing of the ingesta and buffer, the liquid 1s expressed and is
designated as the "phosphate buffer extract.” Suggested advantages
of this modification include; higher cellulolytic activity of the
extract as compared to rumen liquid because of the close association
of rumen cellulolytic bacteria with thé solid feed particles, and
closer standardization of cellulolytic activity between fermentation
runs since a given weight of solid ingesta which is extracted with a

given volume of buffer is less subject to fluctuations and dilution

;
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errors than the liquid phase of the rumen.

ii. Washed cells.

The recognition of the fact that rumen liquid inoculum could
not be successfully employed in vitro when nutrient requirements of
the rumen microorganisms were being studied, or when experiments were
being conducted to isolate ''unidentified factors' stimulatory to
cellulose digestion, led to the development of more suitable types of
inoculum for studies of this nature.

One of the earliest attempts to solve problems of inoculum
preparation was made by Burroughs and co-workers, who after studying
the effect of various additives on the nutritive value of corncobs in
steer feeding trials, devised an in vitro system ("artificial rumen")
in order to study under controlled laboratory conditions problems
related to the feeding of farm animals (ruminants). Since Burroughs
et al. (1950a) recognized that the use of rumen liquid as inoculum led
to "the introduction of large quantities of unknown constituents aside
from the microorganisms" to the in vitro system, they proposed a method
by which the original rumen liquid inoculum added to their all-glass
system was periodically diluted throughout their fermentation runs.
This was accomplished by removing 50% of the fermentation mixture
(175 ml.) every 36-hours for analysis of residual cellulose with the
remaining half used to inoculate another flask for the next fermantation
period after the addition of new cellulose substrate (ground filter
paper) and mineral mix to bring the mixture back to its original volume.
This meant that the original material taken from the rumen was

"progressively diluted" during the course of eight 36-hour fermentation



periods. In a later study (Burroughs et al.,1950b) results were
sumnarized by averaging cellulose digestion occurring during the

last four fermentation periods, representing the greatest dilution of
the original rumen material (other than the proliferating rumen micro-
organisms). The 50% dilution technique was modified in a study of urea
utilization (Arias et gl.,1951) by increasing the volume of fermentation
mixture to provide larger samples for chemical analysis, and reducing
the total time for each series by using 2h-hour periods.

Perhaps not satisfied with the precision of the 50% dilution
technique, Burroughs and co-workers later developed a new im vitro
system, as described by Chen&fgﬁd Burroughs (1955), the most outstanding
feature of which was the use of "washed suspensions of rumen micro-
organisms'' as inoculum. The washed cell suspension technique had been
used by Sijpsteijn and Eldsen (1952) and Doetsch et al. (1953), in
studies of rumen microbial reactions. Cheng and Burroughs prepared
their washed cell inoculum by suspending in distilled water the
sedimented bacterial cells obtained by high speed centrifugation, and
recentrifuging the resultant mixture - this process being repeated
twice, with the final yield of sedimented cells suspended in nutrient
mediuwm for use as inoculum. This technique served to physically
separate the rumen microorganisms from their original environment,
with the washing procedure removing any adhering materials from the
cells, resulting in a suspension of mixed cells free of contaminating
substances and particularly suited for studies involving the chemical
composition of the wmedium and metabolic studies of the organisms.
Disadvantages of this type of inoculum include the loss of cellulolytic

activity which is genarally related to "handling' of the fastidious
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rumen microorganisms, and the loss of rumen protozoa due to the large
gravitational forces used in centrifugation, although the significance
of this latter point has not yet been resolved.
Other workers who have used washed rumen cell suspensions as
inoculum in vitro include McLeod and Murray (1956) and Asplund
et al. (1958).

111. Resuspended cells.

Another type of "purified” inoculum, which i3 essentially a
simplification of the washed cell technique, was described by
Bentley al. (1954). 1Instead of washing the cells obtained by high
speaed centrifugation as in the previous technique, they were directly
suspended in phosphate buffer (pH 7) for use as inoculum. This
wodification represants less stress to the rumen microorganisms in
that "handling” time is reduced, although a high degree of seﬁaration
of cells and rumen liquid is obtained with contamination being wminimal
as illustrated in the studiaes of Bentley and co-workers. The
modification of this method by Johnson et al. (1958) by using a
phogsphate buffer extract of the rumen ingesta as a source of
bacterial cells, as described previously, further enhanced the
precision of this type of inoculum in in vitro studies.

b. In vitro systems.

i. All-gdass.

The all-glass in vitro system, representing the simplest type
used, assentially consists of a glass flask, bottle, or tube, in
which all the constituents of the fermentation mixture {inoculum,
medium, and substrate) are contained, with various provisions made,

either simple or elaborate, for maintenance of proper incubation



temperature and anaerobiosis. The tendency in recent years has
been to a reduction of unit size, so that many units can be studied
simultaneously in an in vitro system.

The system of Burroughs et al. (1950a) consisting of 1-liter
flasks, placed in a water bath to maintain proper temperature and
with COp» flushed through the system in order to obtain anaerobic
conditions, was later modified (Chengfggd Burroughs, 1955) so that
each unit consisted of a 75 ml. centrifuge tube containing a total
volume of 20 ml. of fermentation mixture and a 7.5% level of
purified cellulose substrate (Solka Floc). Using this system approx-
imately 607 of the cellulose was digested in a 2h-hour fermentation
period.

A similar evolution to smaller size units characterizes the
in vitro systems described by Bentley and co~workers, who originally
used l-liter flasks as fermentation units (Bentley et al., 1954),
but later changed to the more convenient 100 ml. flask, (Bentley
et al., 1955). 1In both cases, their studies were concerned with
identifying factors which caused an increase in cellulolytic activity
when added to the fermentation mixture. This same fn vitro system
wag modified in studies of the digestibility of native forage
cellulose (Quicke et al., 1953) so that 75 ml. centrifuge tubes
containing a total volume of 50 ml. of fermentation mixture
constituted the in vitro unit,

Not all in vitro units were diminishing in size, as illustrated
by the novel study of Hershberger and Harstook (1960), vhere an

extremely large in vitro system was used. This consisted of 360

liters of nutrient medium and ovine rumen inoculum, with 10.8 kg. of



alfalfa hay substrate being incubated up to 32<hours in the Armsgby
Respiration Calorimeter at Pennsylvania State University. The
purpose of this study was to determine the heat of rumen fermentatiom,
and measure the amounts of carbon dioxide and methane produced by the
rumen microorganisms.

ii. Semipermeable membrane.

Louw et al. (19%Y) sought to improve Marston's (19k8) im vitro.
procedure by making provisions for the removal of nongaseous end-
products which he stated "might be expected to sluow the rate I§f
fermentation] and eventually inhibit digestion." For their new method,
Louw and co-workers used a scmipermeable membrane gac in which to
contain the fermentation mixture. This provided for the removal of
fermentation end-products from the fermentation area by dialyzis.
Actually this same type of system had been used by Woodman and Stewart
(1928), as previously described. Louw and co-workers comparing their
semipermeable membrane system to an all-glass system, obtained slightly
higher cellulose digestion with the former. Since their unit was
relatively large, with 700 ml. of strained rumen liquid inoculum,
37.5 ml. of an inorganic element mixture, and 12 or 20 grams of
cellulose substrate contained within the membrane sac, it was not
practical where it was desired to study many factors in simultaneous
fermentation runs.

Wasserman et al. (1952) used a slightly smaller semipermeable
system, the sac containing 200 ml. of rumen liquid inoculum, in

studying the effect of various antibiotics on in vitro cellulose

digestion.



Huhtanen et al. (1954) described a “"simplified adaptation
of Louw's apparatus,” which they termed the "miniature artificial
rumen.' This system consisted of a small cellophane sac, holding
10 ml. of rumen liquid inoculum and 500 mg. of alfalfa leaf meal
substrate, suspended in a mineral solution contained in a k-oz.
glass screw-cap jar. Fibaer digestion was determined in many such
units (20 reported in one test) studied simultaneously by placing the
jars in a 38°C incubator for a 16~ to 2hk-hour fermentation period.
Fiber was defined as water insoluble carbohydrate material, which was
analyzed by the anthrone colorimetric method, Many workers who have
adopted Huhtanen's miniature artificial rumen system, or modified
versions of it include: Baumgardt and Hill (1956); Salsbury et al.

t al. (1958); Gaunt (1960);

(1956); Hanold et al. (1957); Asplund
and Clark and Mott (1960).

Warner (1950) described an in vitxo system utilizing a semi~
permeable membrane sac containing 50 ml. of fermentation mixture. His
system although of a similar size to iluhtanen's, was more complex in
that it provided for the constant bubbling of nitrogen through both
the fermentation mixture and outside dialyzing mixture, as well as
containing inlet tubes to enable the addition or removal of material
from either the sac or outside solution. El-Shazly et al. (1960)
haw recently modified Warner's system to provide for constant flow
of the dialyzing solution by means of a siphon arrangement in the
outer chamber.

iii. Manometric.

A manometric in vitro system, employing a Warburg respirometer,
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for studying the utilization by rumen microorganisms of several
substrates was described by McBee (1953), The main part of the
Warburg vessel contained 1 ml. of rumen fluid and 1 ml. of sndium
bicarbonate buffer, with 0.5 ml. of buffered substrate in the side
arm prior to mixing and the iniztation of fermentatirn. Hungate
et al. (1955) used a modified manometric technique with an increased
volume of rumen inoculum (10 to 40 g. of rumen contents). Hobson
and Lloyd (19€0) have developed a manometric systaem using 100 ml. of
rumen liquid, 100 ml. of buffer solution, and B0 gu: of substrate, in
which measurement of rate of gas production as well as quantitative
analysis of gases produced can be accomplished during a 90-minute
incubation period. The manometric in vitro system would appear to
warrant further investigation because of the relative simplicity of

its operation and speed and accuracy of its detorminations.

iv. Continuous flow gystems. .

Parhaps the most complex of any of the in vitro systems
developed are those of the continuous flow type. Adler et al. (1958)
described a system in which, after inoculating an incubation chamber
(1-1iter h-nesked flask) containing nutrient medium with strained
rumen liquid, automatic controls were used to regulate pH, and the
continuous addition of new nutrient medium caused an overflow and
removal of the fermentation mixture. In trials of 10-hour durationm,
data were collacted which enabled the calculation of the gtéwth rate
of microorganisms present in the system,

Stewart and Warner {1957) used a crnfinuous culture system
containing 5.5 liters of fermentation mixture in which subsgtrate

and medium were added continuously, with total volume kept codstant
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by a float controlled ovarflow. During 24-hour fermentation periods
the production of volatile fatty acids, and bacterial counts were
determined for different substrates.

The semipermeable membrane system developad by Davey et ﬂl.(1960),
contained 350 ml. of rumen content inoculum and had a constant flow of
liquid in the outer chambar as well as provision for removal of gas
samples for analysis.

Compared to the above described systems, the continuous flow
system described by El-Shazly et al. (1960) is relatively simple.

It consisted of 4 semipermeable sac containing 40 ml. of rumen liquid
and ? g, of substrate material, suspended in a glass tube containing
20 ml. of basal medium. Continuouslflow was achieved by dripping
nutrient medium through a small opening in the outer chamber, with

a'Sexhlet'' type siphon arrangement maintaining a2 constant level of

medium in this chamber.

5; Validity and standardization of in vitro systems.

The extreme divevgence of the in vitro systems described in the
preceding sections, involving many differeunt sources and methods of
preparing microbial inoculum, nutrient media for varied composition,
and numerous differences in the construction of the systems,
illust;ate the difficulty in duplicating and confirming in witro
results obtained by different workers. Thase factors perhaps serve
to explain why certain results obtained in some laboratories have
been followed by cumtradictory observations in others. In response
to this chaotic situation, several workers have attempted to study

the validity of various in vitro systems in order tn determine if

in vitro observations are true feflections of in vivo conditions
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and not just actifacts of the in vitro procedure. Attempts havé also
been made tn study the conditions necessary for standardization of
in vitro systems both within and between laboratories.

Baker's observation on the effact of increasing incubation time
(in the in vitrc system of Pearson and Smith, 1"43Zc} on the
dissimilarity of the micrnflora and fauna as compared to the initial
sample, resulted in these workers reducing their fermentation perfod

~

from 8-days to between 7~ and hL-hours.

Warner (175{) suggestod several criteria of normal rumen
functien which could be applied in establishing the validity of
in vitro studies. These arc:

I.) The maintenance of numbers and normal appesrance
of microorganisms of the rumen.

I1.) The maintenance of normal rates of digestion of
cellulose, starch, and protein; and of normal
interactions between these.

II1.) The ability to predict quantitative results
in vivo.

Certainly any in vitro system which could meet all of these conditions
would constitute an accurate and valuable resecarch toel,

The in vitro systems develnped by Bentley and co-workers have
recently been studied in reference to their precision and limitations.
Johnson et al. (1755) studied the effect of varinus factors on in vitro
cellulose digestion, reporting that a single "washing” of the sedi-
mented bacterial cells reduced cellulolytic activity one-third, that
after 15-minutes aeration of inoculum - 40% of the activity was lost,
and that levels of fatty acids higher thanm those generclly found in
in vitro systems wvere necessarvy to cause partial fnhibition of
cellulolytic activity. The last result suggests that perhaps the use

Y

!
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of semipcrmeable membranes to dialyce fermentation end-products is not

t al. (1.5Y),

——

necessary for maximum cellulose digestion. El-Shazly

in biochemical and microscopic comparisons between in vivo (sheep)

and in vitro rumen fermentation, concluded that the in vitro system
used for cellulose digestion was 'representative of cunditions
in vivo over a period of Ok-30-hours." Purther work by El-Shazly
et al. (1460}, compared all-glass, semipermeable, and continucus flow
in vitro rumen fermentation systems, using cellulose digestion and
volatile fatty acid production as criteria. They concluded that
"there was little to prefer from one type of apparatus to another,”
and alsuv that end-products such as volatile fatty acids are not
inhibitory for cellulose digestion (in levels accumulated in the
in vitro system) since the systems in which end-products were removed
"did not give better cellulose digestion than the all-glass system,”
Church and Petersen (16C) using an all-glass in vitr~ system,
have studied the effect of several factors such as level of substrate,
level c¢f inoculum (rumen liquid), source of inoculum, pH adustment,
and substrate particle size on several in vitro criteria (cellulose
and dry matter digestibility, and volatile fatty acid production).
The continuance of the preceding types of studies, is necessary
for the waxiram potential usefulness of in vitro rumen fermentation
methods in research attempting to parailel or duplicate situations
existing in the intact rumen.

4, Nutrient requirements of ruwen microorganisms.

Accurate in vitro studies of the nutrient requirements of rumen

nlcrocrganisus were not poussible until advanced techniques had been

developed to enable the preparation of microbial inocula which were
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free @ £ the hoterogene us 2nd 111-defined sub<tances presont in the
oxlginal rumen liquid. These "purified”’ inocula were made possible
by the daevelopment of "washed" or "suspended” cell techniques, as
described in a previous section. It wag probably the racognition by
severnl workers that rumen liquid contained certoin "unidentified -
fact rs” necessary for moximum cellululytic activity in vitro, that
stitulated the development of the more precise tecliniques in an attempt
to identify these substances.

a} Fatty acids and aminn acids.
Burcoughs et al, {(3790a%, using his "507) ditutdon” in vitroe
technique to reduce the infiuenLe of nmta;inlq acdad in the original
runco fluid inrculum, found that several additioms to the tacal medium

such 48 autnclaved rumen liquid, or autoclaved water extract of

manure, "proved helpful to cellulase digestion.” TIr an ther in vitro
test, Burroughs et al. (1759¢), studying the effect «f adding various
feedstuffs to the f-rmentation mixture, found thar "meay feeds influence

rumen vicrocrpanisms faverably in cellulise dinesti»n,” r~uch as deied
distillers solubles, soybean ~11 mea’, and '{aseced i1 meal. A
further report by these workers {Tuf ot al., 17°73%) characterized an
unidontified factor =timulatory to c2lluiose digestin as being
"fairiy wideepresd in common feeds” with yeast and manure extract
being ""particularly rich sources.” Fractimatiom eof the latter
materials indicated the fart.r t» be heat gtable, water snluble, and
destroved by ashing., "Twoever, vitanins and casein hydrolysate did
not erhibit anv apparant stimulation. Since certain vitamins and

cagein hydrolvsate wore later showm to be stimulatory, the possibility

of twic levels in this study might explain the lack of effect,
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Douetsch et al. {17} using bacterinlogical techniques in
culturing rumen bacteria, concluded that 'there ave factors in rumen
fluld necossary for optimsl prowth of rumen bacteria™ and that
"thege substances are not provided by ¢ vommercial medium devised for
nutritionally fastidious bacteria.” Bryant aad Doetsch il}jh),
studying the growth vequirements of 8 pure culture of Bacteriodes

succinogenes - an actively ceilulolytic rumen bacteria, >bserved

that rumen fiuid contain:d an unknown beat, acid, and alkali-stable
factor which was nut 3 common Bevitamin, amino acid, or mineral.

MacLeodi and Brumwel i {17%4), using an iu vitre system
characterized vy rumen ligquid inoculum and vaegstable parchment
(celluluse) substrare} demonstrated that several fishery by-precducts
(whale or herving solubles, herring stickwater, o¢ haiibut hydroly-
sate; cach sty mgly stimulated cellulose digestion when added t - the
fermentition mixture., When a wixture of 18 amin~ acids was added, it
;us found ta be "even more active” than the fishery by-oroducts
studied. Whain sulubie ash, a mixture »f 7 vater soluble vLan;ns,
cysteine and‘methi»niu?, did not have stinmiat.ory properties

Bentley et al. (igﬁig, using.suspendcd cell invculuw and a
highly purifieu wmediur, demonstruted o hiyb levei of cellulose
digestion when either rumen liquid, rumen liquid eupernatant ffroﬁ
centrifugstion of cells), a water extract of alfalfa, veast or
melasees was dded to the basal medium. During 4 serice of
fracticeation studies of rumen iiquid, they found the active factor
was related te certaln short-chain fatty acids {Bzntlay et g}.,l)ﬁ%},
and 7inally valeric acid was shown to be primirily respunsible for

tiis activity (Bentley et al., 1v5%). Caproic, iso-butyric, and
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iso-valeric were also found to markedly increase cellulose digastionm,
but not to the same extent as valeric acid.

Huhtanen and Elliott (195G) ubserved no effect on cellulose
digestion when valeric acid or iso-valeric acid were added to the
fermentation mixture. This lack of response was probabl; due to the
fact that these workers used '"whole unaltered rumen fluid" as
inoculum, a materfal which would itself have contributed a substantial
amount of the S5-carbon fatty acid to the medium.

That valetic acid was not the only active factor was suggested
(Bentley et al. 19%5) since a non-volatile substance present in yeast
extract and rumen liquid demonktrated cellulolytic activity.

Hall et al. (1954), using washed cell inoculum, showed that mild
hydrolysates of purified casein and other protein-rich materials
"exhibited a highly favorable influence... in the digestion of
cellulose." Since severe hydrolysis, reducing the protein te the
amino acld state, resulted in loss of cellulolytic factor astivity,

they suggested that perhaps the active principles were water-soluble

t al., 1.55), it was shown that

peptides. In a later study (Hall
the active substance in the protein hydrolysate was not identical to
any of the short-chain fatty acids.

MacLeod and Murray (1956), having adopted a washed océll inoculum
in their in vitro system, demonstrated that a combination of three
amino acids (valine, 1eucine, and isolaucine) were "primarily
responsible for the strong stimulation of cellulose digestion previously

shown to be produced by a mixture of 1& emino acids.' They also
produced inhibition of cellulose digestion when too high a level of

nitrogen occurred in the medium.



Dehority et al. (1 »7), using ion exchange and'lurge scale
paper chromatngraphy techniques, fractionated and isolated the
cellulolytic factors present in autclyzed yeast and casein hydrolysate,
and identified them as the smino acids valine, leucine, isoleucine
and proline. ,
A possible relationship between the amino acids and fatty acids
shown to be required by cellulolytic rumen microorganisms, és
suggested by the work of El-Shazly (15%), is that the former may be
converted by the microorganisms to L- and S-carbon volatile fatty
acids. This claim is supported by the observation of Dehority et al.

(1957} that valeric acid and the amino acids when tested in various
combinations ""did not show any appreciable additive effects."”
b) B-vitamins.
Tiie use of washed or suspended cell inocula has also made it
possible to demounstrate in vitro, rumen microbial requirements for

nutrients other than the amino and fatty acids discucssed in the

1. (1J53) reported that the B-vitsmins

previous section. Hall et
riboflavin, pyridoxine, biotin, para-amino benzoic acid (PABA), folic
acid, and B}, all stimulated cellulose digestion, with the combina-
tion of By, and bistin more stimulatory than any single vitamin or
vitamin combipation. Bentley et al. (1)55) showed that biotin and
PABA are required by rumen microorganisms for maximum cellulose
digestion, and that valeric acid had no stimulatory effect unless

the 2 B-vitamins were also added to the basal medium. When valeric
acid and the B-vitamins were added in combination they exhibited an
additive effect. Macleod and Murray (1,5%) found pyridoxine

"consistently effective in stimulating cellulose digestion' with

t



consigtent stimulation with thiamine, niacin, folic acid, and PABA.

Although limitaed reports on B-vitamin requiremsnts ere not
entirely in agressent with each other, thare appears to be a
definite requirement for several of these vitamins.

c¢) Inorgenic elements.

Mogt of the mineral solutions used in recent in vitro nutriemt
media are related to the "synthetic saliva" formila as suggested by
McDougall (1948), who based the composition of #hés solution on
rasults obtained by actual chemical analysis of sheep saliva.
Additions to and modifications of McDougall's formula have baen based
on observations made by several workers, particularly Burroughs and
associates, on the in vitro response of rumen microorgsnisms for
different inorganic elewments, as related to their scurce and avail-
ability.

Using an ip vitro phosphorus availability test (as described
by Anderson et al., 1956), Raun et al. (1956) demonstrated that
phytata phosphorus was almost 100% available to rumen microorganisms,
and suggested that this was due to the substantial ;;hytéle activity
of viable rumen microorganismé. Hubbert et al. (1958a) have
determined the optimm and toxic concentrations of 9 inorganic
elements. In another report (Hubbert et al., 1958b), thay described
the effect of 5 other inorganic elements on cellulose digestion as
well as the interrelationships existing batween certain of the
elements when added to the medium at varfous levels in factorial
experimantal designs. As a result of this study, sodiem was shown
to have no effact wvhen added in levels from 50 to 4,000 mecg. /fml.,

although a significant additive effect with sodium was observed when
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potassium levels were increased from 50 mcg./ml. to 100-400 mcg./ul.
Trenkle et al. (1958) studied the n;cessary level of sulfur, and the
availability of several sulfur sources, Chamberlain and Burroughs
(19¢0) have reported that when magnesium or mangansse were omitted
from the wmedium, cellulose digestion was 50-60% of ﬁormal.

Although rumen microbial nutrient requirements may be consist-
ently demonstrated In any one in vitro system, it is perhaps
premature to accept these qualitative or quantitative requirements
as absolute, unless they can be repeatably confirmed using other
systema, Since this later consideration seems to be the exceptionm
rather than the rule, there appears to be a need for standardization

of procedures so that all in vitro studies cam be carried out under

similar conditions with adequate controls.
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C. PORAGE STUDIES USIMG IN VITRO RUMEN FERMENTATION METHODS.

1. Studies of the nutritive value of forages.

Sinca cellulolytic activity, as related to substrates of either
purified or native forage calluléee, has been the major criterion of
in vitro rumen fermentation systems, the use of these systems to study
factors affecting the nutritive valua of forages as well as the more
concise "indexing" of this nutritive value, is not illogical.

a) Effect of lignificatiom.

Perhaps the firet in vitro‘'study of forage quality was made by \
Woodman and Stcwaft (1932), who stated - "the primary object was to
ascertain wvhether such measurements could form the basis of a quick
in vitro method for estimating the digestibility of the fibrous
constituents of feeding stuffs." Even though their in vitro system,
as previously described. was advanced for their time it left much
to be desired by present-day standards although this did not seem to
affect the quality of their observatioms. Imn their study, they
compared in vivo (sheep) and in vitro fiber digestibility, using as
substrate in the in vitro tests the imtact feedstuff as fed, as well
as fibar isolated from these feedstuffs. They demonstrated that the
isolated fiber was digested to a greater degree in vitro than the
corresponding intact feedstuff in animal trials, and suggested that the
"formation of a emall amount of lignocellulose may be responsible for
a distinct lowering of the digestibility of the fibee in a crop."
They further stated that 'it {s not necessarily the amount of ligno-
cellulose which determines the rumning off in digestibility, but

rather the manner of its deposition within the [planﬂ cell walls."
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They also studied the effect of stage of maturity of ryegrass on the
character of its fiber coutent, demoustrating lucreasing lignification
with maturity, and reduced digastibility which was associated with the
production of relatively swall amounts of liguvcelliuluse. Certainly
this study set the stage fur future experiments on forage quality.

In vrder to demoustrate the possible wode of action of lignin,
Stallcup (1)) added commercially purified ligninE tuv in vitro flasks
at four different levels, with no significaut difference in cellulose
digestion uvbserved in any of the flasks. He suggested that the data
"lend credence to the idea that the reduction in digestibility usually
associated with increasing amounts of lignin appears tu be due to its
role in the physical structure of the plant, rather than chemical
action as toxicity to the microorganisms of the ruwen."

Salsbury et al. (159¢) determined cellulose digestion after
3, 6, _, 12 and 24 hours of incubation, using native and purified
cellulose subgtrates as well as halo-, and alpha-cellulose fractions
of these waterials. Native alfalfa cellulose showed wmost rapid early
digestion, while the delignified cellulose frections prepared from
forages were moee rapidly and cuompletely digested than the original
plant material. Kamstra et al. (1.58) also compared the im vitro
digestion of native cellulose as well as the cellulose containing
fractions prepared from the.same forages. These workers studied an
extensive range of forage species, each harvested at several stagaes
of maturity, and demonstrated that "separating cellulose from lignin
greatly improved its digestibility in vitro with the effect of maturity

lignification dimiulshed greatly when the cellulose was lsulated

1 "Indulin A", 99.5% lignin.



from the plant.”

Quicke and Bentlay (1959) in a study of the effect of lignin and
mathoxyl groups as related to decreassed digestibility of mature
forages, stated that lower digestibility in vitro could not be fully -
explained in terms of proximate éanposition or'ltgnln content vhen
brome and orchard grase hays were compared, but that in the case of
L stages of maturity of 2 single species (timpthy hay), decreasing
digestibility did appear related to lignin content.

Dehority et al. (1960) further demonstrated that the effect of
lignin in decreasing cellulose digestion was most probably due to -
its "incrusting" effect rather than its total concentratiom, by r
ball-milling several forage samples causing physical rupture of the
cell wall structures. Ballemllling was shown to substanttally
increase cellulose digestion, particularly in the case of the more
mature forages.

Tha preceding in vitro studies serve to emphasize the importance
of lignin as a factor in reducing forage utilizatfon, its detrimental
action most likely related to its ability to fsolate forage nutriemnts
from bacterial as well as other forms of enzymatic degradationm.

p) Celluylose structure.

Baker et al. (1959) studied certain physical properties of
L purified cellulose materials for which in vitro cellulose
digestion had been determined. Although data from X-ray diffraction
studies, as expressed in a "crystallinity index", were inversely
related to callulose digestion for the purifiaed celluloses, only

small "index" differences were noted betwaen forages with widely
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differing digestibilities. Tomlin and Davis (1959) also reported no
relation between the crystalline index of the cellulose and in vityro
cellulose digestion of various forages. .

In order to determine if pelleting conditions affect celluloecl
availability, Jahn and Kamstra (1960) studied the effect of pelleting
hay of early and late maturity at various temperatures and pressures
on the in vitro cellulose digestion of thease forages. They comncluded
that improvement in digestibility was more pronounced with low quality

or more mature forages at all temperature and pressure combinatioms.

c) Undigested cellulose as related to rate of passage.

Although lignin has been showm to inhibit digestion of cellulose
and other mutrients to a significant extent, another factor decteasing
forage digestion is the amount of time the forage remains in those parts
of the animal's digestive tract where it can be enzymatically attacked.
Johnson et al. (1959) determined the in vitro cellulose digestibility
of "undigested' cellulose isolated from the feces of sheep fed
different forages. They showed that T7% pf the'undigested" cellulose
of soybean hulls was digested in the in vitro system, while 16% of
alfalfa cellulose and only 5% of bromegrass or orchard grass hay
cellulose was further digested. These workers suggestaed the observed
differences ware a result of both rate of digestion and rate of passage
in the intact animal. This explanation was substantiated by Quicke
et al. (19592, who obtained 96% digestion of soybean hull cellulose
both in vitro and when samples of the same material contained in a
dacron bag were placed in the rumen of a fistuldted steer. This was
compared to 54% observed in in vivo digestion trials with sheep.

The soybean hulls fed as the sole feed to the sheep resulted in very
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soft feces possibly caused by "too rapid passagd.” A further
observation on the relationship between rate of digestion and passage;
was made by Phillips et al. (1960), who showed that in vitro
fermentation ratas were significantly negatively correlated with rumen
retention times as determined im vivo with Zebu and European type
cattle.

The preceding reports indicate that the potamtial digestibility
of a lignified forage is further limited or enhanced by the length of
time the feed is retained in the digestive system.

d) Effect of mutrient supplementatiom.

Early in vitro studies indicated that supplementation of poor
quality foragas with a variety of nutrients would increase the
digestibility of such foragas. These increases were accomplished by
elther supplementing the feed of the animal serving as inoculum donor
or by direct additions to the in vitro mutrient medium. However,
many of these claims have yet to be substantiated in large scale
animal feeding trials,

t al. (1950b) determined the cellulose digestion of

Burroughs
good and poor quality forages in one of their early in vitro studies.
It was found that a supplement of nitrogen, complex mineral solution,
or autoclaved water extract of cow menure, each increased and maintained
cellulose digestion throughout the fermentation periods when added to
the poor quality forages (corn stover, wheat straw, corncobs, mature
grass hay), while the good quality forages (legume hays) maintained
a high lewel of digestion indspendent of supplementation.

Bentley et al. (1951) reported that after changing the feed of

a fistulated steer from good quality hay (alfalfa) to poor quality



L1
hay (late cut grass), in vitro cellulose digestion, using rumen liquid
inoculum obtdined from the steer, decreased 90% during the first
h-weeks of poor hay feeding. They also reported that supplementation
of the poor quality hay with bone meal, limestone, and salt 'resulted
in in vitro microorganism activity similar to that observed when the
alfalfa hay was fed." Removal of the supplement resulted in lowered
activity. They noted that the low phoephorus conteat of the poor
quality hay was a possible "limiting factor in callulose digestion.”
Since no details of the feeding regime were given.in this report, it
is not possible to ascertain the possible contribution of protein
present in the bone meal to the observed stimulatory effects.

Hunt et al. (195k), using the same in vitro systam, presantad data
obtained with inoculum prepared from the rumen contants of a steer fed
either a good or poor quality hay. Thelr results showed that in yitro
riboflavin and vitamin By, synthesis, cellulosa digestion, and
amnonia utilization were all depressed on the ''poor hay inoculum.”
The addition of starch to the madium resulted in a much larger
depression of cellulolytic activity with the poor hay inoculum than
with the inoculum prepared from the steer fed good quality hay.
Several workers have recently studied in vitro the effect of
nitrogen fertilization of forage crops. Hall et al. (1958) noted
marked negative effacts of nitrogen fertilization on cellulose digestiom
of certaln forages, with no significant effects on others. 1In a later
study (Hall et al., 1960), additions of sodium nitrate and sodium
nitrite to fermentation tubes caused inhibition of in vitro
cellulose digestion and it was suggested that ''poorer utiligation

of a heavily nitrated young Sudan forage ... may be due to the
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presence of nitrate and/or nitrites in the forage."” Hopkins et al.
(1960) demonstrated that in vitro gas production decreased as the level
of nitrogen fertilization of several forages increased. Ethanol
extraction of the nitrogen fertilized hay removed inhibitory factors,
which were isolated and identified as nitrate, Perez et al. (1960)
using the same in vitro system, further noted that when an amount of
nitrite corresponding to that present in a given fertilized hay was
added to a non-fertilized hay, gas production was depressed to the
level noted in the fertilired hay. Reduced gaing of calves fed
nitrogen fertilized hay compared to non-fertilized hay were also notad
with the suggestion that the ''level of nitrite may account in part
for the significantly lower gains.”

These studies illustrate the use of in vitro systems to
demonstrate the presence of inhibitory material, related of course
to the fact that these materials must be in some manner inhibitory to

the rumen microorganisms themselves.

e) Volatile fatty acid production.

Although it has been demonstrated that the main products of
cellulogse degradation in ghe rumen are volatile fatty acids, in vitro
studies of the effect of forage quality on volatile fatty acid
production and ratio are limited.

Barnett and Reid (1957a) studied in vitro volatile fatty acid
production from both fresh and dried grass samples represemnting
various stages of meturity and harvested in two different years.

They obsarved that acetic acid was the main acid produced during
early growth stages (with frash grass) but that propilonic acid

production increased with advancing maturity, finally becoming the



ma jor acid produced. Dried samples which corresponded to the freszh
grasses invariably yielded acetic acid in greater proportion than
propionic acid, and it was suggested that variations in results
between fresh and dried samples were ''due to changes in carbohydrate
content resultant upon storage of the latter." In another study
(Barnett and Reid, 1957Tb), they showed that water extracted dried
grass gave increased amounts of propionic acid while the water
extract itself resulted in consistently higher acetic acid levels,
revealing itself "as the chief source of acetic acid in the whole
dried grass." When crude fiber and cellulnse extracted from the
dried grass samples were tested (Barnett and Reid, 1957c), the
"proportions of different volatile fatty acids resemblaed those
obtained from purified cellulose, propionic acid being produced in
greatest relative yicld."

Asplund et al. (19%8) found a significant correlation between
(in vitro) total fatty acid production and dry watter digestibility
(Lg vivo - sheep) using 11 forages of varying species and stages of
maturity.

Rice et al. (1560) observed that in vitro rate of volatile
fatty acid production was significantly greater when alfalfa hay was
used as a substrate as compared to the use of oat straw. These
workers also found a significantly lower acetic to proplomic acid
ratio for the alfalfa substrate during the first 4-hours of
fermentation, but no significant differences for the balance of
the 24-hour fermentation period.

Since the volatile fatty acids produced by rumen microorganisms

represent one of the major energy sources of the ruminant, detailed

b3
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in vitro studies on this subject hold promise as important sources

of information, particularly because of the high degree of accuracy
made possible through the use of purified nutrient media.
2, Use of in vitro techniques to predict nutritive value of forages.

The indexing or ranking of forages according to sowe cetterion

related to their nutritive value (in vivo), constitutes one of the
more practical uses of in vitro rumen fermentation methods. The
validity of such an index system must depend on the establishmant of
a high correlation between the in vitro observations and some in vivo
measure of forage nutritive quality, with the identical forages studied
in each case. |

The in vivo criteria of forage nutritive value which have been
used are related, almost without exception, to the digestibility of
some component of the forage, this compounsnt usually beiné some
measure of energy content. To illustrate, digestibility coefficients
most often used as in vivo measures of forage nutritive value are:
dry matter, organic matter, energy (calories), crude fiber, cellulose,
and TDN. It is obvious that an in vitro observation which is found
to be highly correlated to the digestibility of one of these components,
£s>only as precise in describing the nutritive value of a forage as
the in vivo criterion to which it is compared.

Although previous discussion emphasized the necessity of
in vitro systems paralleling or duplicating as closely as possible
in vivo rumen conditions, this consideration is not an important one
when the objectives of the in vitro method can be well defined in

terms of some predetermined criterion of forage mutritive value, as

established in vivo. In other words, the actual im vitpo method used
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to obtain data on forages is of gsecondary importance to the establish-
ment of a high and consistent correlatfon between the in vivo and
in vitro observations. It will be noted, however, that most ip vitro
methods pruposed for forage evaluation are identical or slightly
modified versions of wmethods used in other ruminology studies,

The previously noted studies of Woodman and Stewart (1932), were
perhaps the first im which'ig vivo and ip vitro digestibility
coefficients (crude fiber), obtained using the same forages in each
case, were coupared. The results of this s6udy did not show aay
consistent relationship between the data observed, most probably due
to defeéts in the in vitro methods used.

Muller (1947) devised an in vitro system to determine the orgamic
matter digestibility of forages, which utilized as inoculum pure
cultures of aerobic cellulolytic bacteria isolated frum soil samples.
Nis 18 forage samples for which ipn viyo coefficlents of organic matter
digestibility had been determined with sheep, consisted mainly of
chemically treated straw with a few untreated samples, and only 6
samples of hay or dried grass. As a result of this "heterogeneous
collection of materials,” Muller stated that therewas "no'general
parallelism for the two methods" (in vivo and in vitro). When the
untreated straw and hay samples were examined there was a closer
relationship, but Muller observed that, "the number of samples
lnvestigated of these two groups is far too small to warrant any
definite conclusion." The lack of a statistical apalysis of the
experimental data makes it difficult to comment on the accuracy of

this method. However, graphical presentation of the data indicates
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that this type of ip vitro system, simplified by the use of a pure
culture of an aerobic cellulolytic bacterium, holds promise as an
accurate and easily standardized method for studying forage quality.

Pigden and Bell (1.55), perhaps the first workers to obtain
positive results, reported a highly significant correlation between
organic matter digestibility of 11 forages as determined with sheep,
and carbohydrate fermented in vitro as measured by the anthrone method.

Barnett (1957), studying 27 samples of dried ground silages
ipn vitro, found "a reasonable degree of correlation with the corres-
ponding figures for the diéestlbillty coefficients of crude fiber
obtained by feeding trial” (sheep). Although no statistical measure
of this relationship was reported, visual observation of the graph
presented indicates that the correlation between the in vivo and
in vitro observations was very high.

Asplund et al. {1958) studied the effect of various modifications
of thelr ip vitro technique on the applicability of the in vitro
gystem as an assay method in determining the nutritive value of
forages. They used a total of 17 forage.samples for which dry matter
digestibility coefficlents had been determined in sheep trials. The
in vitro observations made wera: percent dry matter loss, total
fatty acid production, and ratio of percent acetic acid to percent
propionic acid. The semipermeable membrane system of Huhtanen was
used, with variables studied including rumen liquid vs. washed cell
inoculum, source of inoculum, and length of fermentation period. With
a group of 11 forages harvested in one season, the highest correlation

(r = 0.87) was found between in vivo dry matter digestibility and
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in vitro dry matter loss after &8 hours incubation using rumen

liquid inoculum obtained from a fistulated sheep fad sclely om straw.
Other combinations of fermemtation time, type, and source of ineculum
also yielded highly significant correlations with ir vivo dry matter
digestibility. None of the in vitro observatioms was as related to
in vivo dry mattar digestibility as was the chemically determined crude
protein content of the forages (r = 0.91).
Baumgardt et al. (19%8) compared the sbility of in vitro
aud chemical techniques to astimate forage nutritive value defined in
terms of various in vivo digestibility coefficients obtained with 11
forages. Of the methods tested, in vitro ''cellulose digestion appesred
to be the moat closely related to the im vivo digestibility data,”
in particular dry matter (r = 0.81) and energy (r = 0.80). In a
later report Baumgardt et al. (1959), proposed a simplified £n vitro
procedure, "applicablas to routine [?oragé[ testing,” with which
a highly significant correlation (r = 0.85) was found between in vityo
cellulose digestion and in vivo digestible emergy, using 31 hay samples.
Quicke et al. (1959) described an in vifro method which was used
in studies comparing in vive and in vitro cellulose digestionmn.
Inoculum prepared from either strained rumen l{’uid or resuspended
cells did not appear to result in differences in cellulose digestionm.
In comparing in vivo and in vitro cellulose digestion, a forage species
effect seemed evident in that no significant difference was observed
between results with grass hays, but in some of the leguma hays,
cellulose digestibility coefficients were significantly different.
Hershberger et a]l. (1959) using rumen liquid inoculum obtained

from sheep, compared the in vivo and in vitro cellulose digestibility



of 35 forages, .bserving a correlation coefficient of O.9f, perhaps
the clusest ralationship of this type reported in the literature.

The relationship between in vitro cel.iulose digestion and in vivo

digestible energy {r = 0.72) was also highly significant.

Reid et al. (195)) extended in vitro forage studies to pasture
evaluation. Methods of preparing the pasture samples for in vitro
assay were compared, with sven drying gilving a more accurate
prediction of in vivo digestibility than either fresh or freeze drged
samples. In a later study (Reid et al., 1360) utilizing 12k forage
samples obtained from seven different research stations, a highly
significant correlation was found between in vitro cellulose digestion
at 36-hours and in vivo dry matter or energy digestibility.

Clark and Mott (1760) using an in vitro system similar to

Ruhtanen's with a washed cell inoculum, determined the dry matter

digestion of 11 forage samples for which in vivo dry matter digestibility

had been determined. These forages were identical to a group tested
by Asplund et al. (1958), having been obtained from the same sourcet.
Clark and Mott observed a seasonal effect, depending on whether rumen

inpculum was obtalned in spring or fall, on the relationship between

in vivo and in vitro dry matter digestibility. A highly significant

correlation coefficient (r = 0.77) was obtained in the spring, with
a non-significant correlation {(r = 0.49) observed in the fall.
Information regarding the feeding regime of the steers used as

inocu!um donors, the most probable cause of the variation cbserved

1 W.J.Pigden, Animal Research Institute, Canada Department of Agricultura,
Ottawa. '
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was not given. These same workers also studied in vitro digestibility
of 12 varfeties of timothy samples, ecach harvested.ou the same day at
10-day intervals, representing all maturity stages. After early leaf
stage, significant differences were found between some of the varieties
at any of the harvesting dates. This latter study, for which in vivo
data were not available, 1llustrates the application of im vitro
rumen fermentation techniques to agronomic selection of plant varileties
on the basis of nutritive valuve.

Gaunt (1960) has used an in vitro system to determine dry matter
digestibility of samples in a state-wide (Massachusetts) forage
evaluation program, with observations of 567 samples of hay, corn
and grass silage reported. Since no studies were mentioned in which
the validity of the particular in vitro system used was examined in
relation to forage samples gf known nutritive value (determined
in vitro), the accuracy of this procedure 1s unknown.,

Shelton and Reid (1960) have recently reviewcd the use of
in vitrs rumen techniques t- measure the nutritive value of forages,
with a concluding statement that "no sther single factor would
stimulate furage research and production to a greater extent than
the development of a simple procedure for determining the nutritive
value of a forage to the ruminant.”

The praceding discussion of the various in vitro methods which
have been propnsed as a test for forage nutritive value can perhaps
be summarized with the statement that it appears passsible to predict
with a high degree of precision the in vivo digestibility coefficient
of the main ensrgy-ylelding components of a forage using a wide

variety of in vitro techniques, providing each is used under
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standardized conditivns as experimentally determined for each

system. In this particular appiication of im vitro rumen fermentatiom
systems,- i.e. that of predicting the nutritive value of forages,-

the need for standardization of techniques batween different laboratories
cannot be éveremphasized. Otherwise in vitro observations as determined
by any one experimenter are omnly valid under the: local conditions where

they have been standardized.
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I1I. OBJECT OF RESEARQ

The description of the nutritive value of forages by
conventional in vivo feeding trials is a lengthy and expensive
process, requiring large amounts of forage sample material to be _
fed to experimantal animsls mmintained in special housing
"facilities. Because of these difficulties, information in regard
_:»to the comparative mutritive value of forages is not readily
available to the mutritionist, the plamnt breeder, or the farmer.

The object of this regearch was:

a) To develop &n iy vitro rumen fermentation method which could
be used to predict the mutritive value of a forage, the efficacy _
of this method to be measured by a correlation between the in vitro
data and some concise ip yivg criterion of mutritive value.

b) To examine various factors affecting the accurscy and
reproducibility of the proposed in vitro method in the predictiom

of forage mutritive value.



IV. PRELIMINARY STUDIES ON THE ESTABLISHMENT OF AN IN VITRO
HUMEN FERMENTATION SYSTEM,

A. GENERAL INTRODUCTION.

The in vitro rumen fermentation teclmiques used in thase
studies wera based on those developed by Bentley and co-workers at
the Ohio Agricultural Experiment Station, as described by Bentley
et al. (1953) and later modified by Quicke et al. (19592). This
particular system was chosen bacause of the success achieved with
it by Bentley and co-workers in demonstrating the quantitative
foquirenents for cartain fatty and amino acids by rumen aicro-
organisms.

‘ The studies to be described im this section were designed to
éontirm and possibly extend results obtained by other workers, as
well as to study factors which might affect in vitro results. Ome
phagse of thesa studies was the examination of the adequacy of.thc
mutrient medium suggested by Bentley and co-workers to determine
1flcortain additives would result in increased cellulolytie
activity.

Successful completion of these pnliﬂmry studles was
considered a prerequisite to the development of a standardigzed

in vitro technique which could be used in forage evaluation studies.
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B. GENERAL EXPERIMENTAL PROCEDPRE.
1. Preparation of hacteris!l imocylum.

a) Source of rumsn ingests.
Two rumen fistulated Holstein steers, fed ad libitum a diet

consisting exclusively of good quality hay (unless otherwise noted)
with cobaltized-iodized salt and water available at all times, served
as the source of rumen ingesta throughout all studies. The surgical
technique used in the fistulation operations® was as described by
Dougherty (1955), with the cannulae consisting of threaded tubing,
internal and external flanges, and cap, all constructed of acrylic
("Lucite") plastic. Inside cannula diameters of 4" or of 5" enabled
insertion of the hand into the rumen and rapid collection of si-plo.
b) Phosphate buffer extract.

A polyethylcnnlbucklt lined with 2 layers of cheesecloth was
used to collect a sample of approximstely 6 liters of rumen imgesta
(Pigure 1). The sample contained in tha cheesecloth was placed im a
small press and the rumen liquid expressed and discarded. A sample
of 4 1b. of the resultant solid rumen ingeste (Figure 2) was mixed
with 1500 ml. of phosphate buffer solution (pH 7)2 according to the
method described by Johnson et al. (1958). After moderate agitatiom
the ingesta-phosphate buffer mixture was re-pressed end the resultant
1iquid, designated as phosphate buffer extract (P.B.E.), was filtered
through I layers of cheesecloth into a prehsated thermos container

for transportation to the laboratory (Figure 3).

1 Performed by Dr. D.G. Dale (D.V M,) Department of Animal Science,
Macdonald College.

2 1.059 g. Nﬂaﬂfoh and 0.436 g. KHoPO) per liter. -
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Prior to making the extract, the phosphate buffer solution was

preheated to 45-48°C (to compensate for drop of temperature to
approximately 4O°C during extracting procedurs), saturated with CO,
by rapidly bubbiing gas through the solution for 5-10 minutes (in
order to lower oxidetion-reduction poteatisl of solution), and
readjusted to pH 7 with Naaco3 (to compensate for pH drop due to
CO, saturation). In actual practice, these steps were accomplished
by adding 60 ml. of 20% NayC05; solution to 1500 ml. of the buffer
solution (heated by placing flask in & container of hot water) and
bubbling COo through this solution until the pH returned to 7, ll‘
measured by -a pH meter (Beckman Zeromatic).
c) Resuspended bacterfal cells.
A sample of 1250 ml. of the P.B.E. was passed through a

Sharples supercentrifuge (stesm powered) operating at a speed
beéwean 25,000 and 30,000 r.p.m. (Figure k), Rate of flow throwgh
the supercentrifuge was adjusted ao that 3-5 mioutes was required
for the entire solution to pass through. The bacterial sediment,
collacted on & celluloid limer placed inside the centrifuge bowl
(Figure 5), was resuspended by means of a loose-fitting tissse
homogenizer (Pyrex Mo.7725) in 250 ml. of phosphate buffer (composition
and preparation as previously describad), fhis suspension vas filtered
through I layers of cheesecloth and constituted the bacterial inoculum.
Prior to resuspension, the bottom inch of sediment on the celluloid
liner, consisting of plant and protososn debris, was dissagdsds .
2. Mutréént medium.

" The composition of the nutrient medium (Table 1) was that

reported by Quicke gt al. (195%a), with several modificatioums,



including an increase in the amount of naaoo5 snd the additiom of
phosphate buffer. Preliminary trials showed that these modifications
resulted in a pH of 6.8-7.0 of the fermentation tube contents, which
was maintained even after extended fermentation periods. The additiom
of casein hydrolysate to the medium was based’on observations in
preliminary trials to be reported.

Various deviations in the makeup of the mutrisut medium (as
listed in Table 1) will be discussed in referemce to the particular
trials in which they occurred. These deviations, in general, were |
associated with trials completed previous to the publication of the
modified "Ohio wediwx’' by Quicke and co-workers, and in .&diu in
wvhich requirements for specific mutrients were determined by removing
them from the mediwm and adding them in graded amounts to specific
fermentation tubes.

5. Cellulose substrates.

The purified cellulose substrate used was Solka Floc SW Loal,
prepared cozmercially from delignified soft wood. This materisl,
which snalyzed 93.9% cellulose, was used at a level of either 500 or
230 wg. per fermentation tube.

Dried forage subatrates werse prepared for in vitro studies
by grinding in a Raymond hu-?u"nill fitted with 2 screen having
0.02l'' diameter round holes (equivalent approximately to U.3.8.S,
sieve Ko.30), and stored at room temperature in amber-colored glass
jars with tight-fitting caps. PForages containing between 26% and

34% cellulose were used at a substrate level of 700 mg. per tube,

1 Supplied by Brown Forest Products Company, Montreal, P.Q.



TARLE 1

COMPOSITION OF MUTRIENT MEDIUM AMD BACTERIAL INOCULUM MIXTURE,

‘ _!!.ﬂ..gpz_sxh_.
- 8olution ng./ml. mnl. | mg.

ng
(1) Minaral mixtyre: | 10
20 .10 25 %72
kel e 2.15 21.5
RaCl 2.15 21.5
MgSO), . THAO 0.58¢ 5.82
" 0.750 7.50
(2) Glucose® 20 2.5 | %0
(3) Oreat 25.2 2.5 | 63
(4) Casein hydrolysate {enzymatic)!s® 20 2.5 | %0
(S) n-Valeric acid® 3 5.0 15
(6) PABA 0.5 0.05 0.02%
(7) Biotin® 0.2 - 0.05| 0.010
(8) NapCO5 200 1.5 | 300
(9) Phosphate buffer (pH 7): 10
L 1.0%9 10.%9
POh 0.436 L.36
(10) Irom calcium: 0.%
roc15-%o ! k.hO 2.200
CaCly 2H0 5,29 2.645
(11) Bacterial inoculum - 5 - |
(12) bistilled water, to make 50

1 Prepared on day previous to fermentation rum, and refrigerated until used.
2 Nutritional Biochemicals Corporation, Cleveland, Ohio.

3 50% ethanol solution.
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thus supplying 2 cellulose level of approximately 200 mg. PFor those
forages analyzing below 264 or above 34% cellulose, a substrate level
~ of 800 mg. or 600 mg., respectively, was used per tube so as to
meintain the same appreximate level of cellulose (200 wg.) im all
tubas. In relation to substrate level, Quicke gt 2l. (195%) had
demonstrated that varying forage levels from 0.6 to 1.3 gm. per tube
had no effect on percent cellulose digestibility.

k. In vitro syatem.

The in vitro system (Pigures 7, 8) consisted of 32 fermentatiou
tubes (90 ml., Pyrex No.560), each fitted with a l-hole rebber stopper
(Wo.6) through which was inserted a glass delivery tube (Fisher
No.1%-711) attached by means of rubber tubing to a gas mmnifold with
32 outlets each fitted with a needla valve. The rate of gas flow of
approximately 160 bubbles par minute was adjusted by msams of an
individual needle valve for sach fermentation tube. The gaz menifold
was comnected to a large (50 1lb. capacity) tank of''medical quality"
CO,, fitted with & gas pressure regulator. The delivery tube was
adjusted so that ite tip was epproximately 40 mm. from the bottom of
the fermentation tube, and this together with the relatively slow
gassing rate enabled the substrate to settls to the bottom of the tube
during fermentation. Gas wag exhsugsted by way of the clearauce bstween
the pouring lip of the tube and the rubber stopper.

Fermentation tubes vere maintained at a temperaturs of #0°C 0.5
by immersion in a water bath (Pisher No.15-470) for which a stainless
steel tube rack had been specially comstructed to accommodate the 32

tubes plus one extra tube filled with wuffer solutiom to contain the



pH meter electrodes. The miniature electrodes (Beclmen No.39166)
inserted in & rubber stopper (Figure 8) enabled pH measuremsnts to
be taken during fermemtatiom rums with a minimmm of disturbanece to
theAtube contents.

5. Batting-up procedyre.

During the course of these in vitro studies a serias of
procedures were developed to minimize potentfal sources of stress to
the microorganisms, as well ag to reduce the total setting-up time.
These proceddres will be outlined briefly (with approximate times
given) in the belief that close adherence to these steps resulted in
ﬁhe high level of cellulolytic activity and good reproducibility

in the ip vitro system.
a) Day previoys to fermemtation run.

Appropriate substrates are weighed into the fermentation tubes.
Labile mutrient solutions (as moted im Table 1) are prepared and
refrigerated.

(k:00 B.M.) Pistulated steer is fed a quantity of hay which
would be consumed in approximmtely 3 hours.

b) W
" (7:00 A.M.) Solutions (1) to (8) (Table 1) are mixed in a
2-11;«: Erlenmeyer flask in quamtities necessary for the inoculation
of 40 fermentation tubes. The resultant mixture is placed in a
vater bath (40°C) and CO, bubbled through the flask contents.
Phosphate buffer solution (2.5 liters) is conditiomed as previously
described, with 1.5 liters prepared in a preheated thermos container

for transportation to barm.
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($:30 AM.) Pistulated steer is sampled (approximately
15 hours since last meal) and P.B.E. of 30lid ingasta prppared.

(8100 A.M.) P.B.E. is centrifuged in Sharphes suparcentrifuge
and bacterial sediment resuspended in phosphate buffer to constitute
inoculum, Inoculum and solutions (9) and (10)' are added to flask
coataining nutrient medium. Distilled water is added to brimg flask
contents to 2 liters (pre-calibrated line etched on neck of flagk).

(8:15 A.M.) Nutrient mediwm end inoculum mixture are placed
on magnetic stirrer (teflom-coated magnet placed in flask) and
attached by means of a delivery tube to an automatic pipeting
machine (Brewer) previocusly adjusted to dispense 25 ml.

(8:25 AM.) Mutrient medium and inoculum dispensed into
fermsntation tubes by pipeting mixture into all tubes in sequence,
vith this step repeated to bring total tube volu&c to 50 ml.

(FPigure 6).

In those trials in which the effect of various supplements
on cellulose digestion are bring determined, the particular
nutrient(s) under study are mot included in the nutrient wedium
and inoculum mixture. The total amount of mixture 1s adjusted to
either 1600 or 1800 ml. and the automatic pipet adjusted to deliver
40 or 45 ml. per tube, respectively. After dispensing the basal
medium, the supplements or distilled water are then hand-pipeted
into the appropriate tubes so that the final volume of all tubes

ie 50 ml.

1 Iron and calcium solétion (10) 48 added to the mixture last
because of the tendency of these elements to precipitate in the
wmore concentrated solutiom.
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(8:30 A.M.) Two drops of mineral oil are added to sach tube to
prevent foaming. The fefnentation tubes are fitted with delivery tubes
connected to COp source, contents well mixed by swirling, amd placed in
rack in water bath., Fermentation period timing is initiated with the
completion of this step.

During the first 8 hours of the fermentation period, the
fermentation tube contents are mixed hourly by swirling the tﬁbc gantly,
This is repeated at the 12th and 24th hour of the fermemtation period.
Unless otherwise noted, all fermantation periods are terminated after
30 hours.

6. Termination of fermentation.

At the conclusion of tha fcmntati‘on period, the tubes are
removed from the water bath, with any adhering meterial washed from
the CO, delivery tube and fermentation tube gides., The fermntation
tubeg are then immediately cemtrifuged at 2200 r.p.m. for 6 mimutes,
after vhich the supernatant liquid is discarded and the residue
contained in the bottom of the tubas (Figure 9) either amalyzed
immediately for cellulose or refrigerated for subsequent analysis.

7. Gellulose analysis.
| The cellulose content of the fermentation residue (and evtginal
substrate as well) are determined according to a slight modification
of the method described by Crampton and Maynard (1938). Because of
the importance of this analysis in the determination of in vitxo
results, a brief outline of the modified method is as follows:

a) Actd digestion.

The acid digestion mixture is prepared by mixing 650 ml. of
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acetic acid, 150 ml. of distilled water, and 80 ml. of concentrated
nitric acid. Using an eutowatic pipet (Machlett), 25 ml. of the
mnixture is dispensed into sach fermentation tube (tubes snalyzed in
series of 8). A glass stirrimg rod is inserted in each tube and the
contents are wall mixed, with the stirring rods left in the fermenta-
tion tubes during the entire digestion pariod.

Eight tubes, placed in a stainless steel wire basket are
fmmersed in a boiling water bath for a 30-minute period (Figure 10).
Contents of the tubes are mixed every 10 miputes. At the end of. the
digestion period the tubes are removed from the boiling water bath
and allowed to cool for 5 minutes.

b) Filtration.

After the addition of 25 ml. of 95% ethanol to each tube, they
are immedistely transferred quantitatively to a filtering crucible
(Selas - extremsly coarse porosity), using a polyethylene wash
bottle containing 95% ethanol to wash down the sides of the tubes
(Pigure 10).

The precipitate in the crucible is them washed with approx-
imately 10 ml. each of acetome and ethyl ether, in succession.

¢) Dryiss and ashiss.

The crucibles were next dried in a vacuum oven at 95°C for
approximately 4 hours, after which they are cooled in a desiccator
and weighed. They are then ashed overnight in a2 muffle furnace
(600°C), cooled in a desiccator and reweighed.



8. Caleulatious.

) Cellulose content.
The cellulose content of either hbe initisl wnfermsuted

nbsttnti or of the fermeatation residus is calculated s the loss

on ashing in the cellulose determination, as follows:

Cellulose (g) = We. (g.) dry crueible and comtents
- Wt. (g.) ashed crueible and contents

" Cellulose ($) = Wt. (g.) of cellulase
Wt. (g.) of substrate X 100

b) Cellulose dimestibility.
Cellulese digestibility (%) =

o [ ] [ [~} - w 1 X 100
Wt. (g.) initial cellulose

9. Statigtical apalygis.
Analysis of variance procedures used are as described by

Crampton (1959). Whaere required, treatment means are compared
using the Multiple Range Test (L.5.R.) developed by Dumcan (1955).



Figure 1. Removing sample of rumen ingesta
from fistulated steer.

:

Figure 2. S0lid rumen ingesta used in preparation
of "phosphate buffer extract'.
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Figure 3., Phosphate buffer extract pressed and filtered
into thermos container for transportation to
laboratory.

Pigure L. Phogphate buffer extract passing through super-
centrifuge with cell-free supernatant discharging
into bucket.



Figure 5.

Figure 6.

Removal of celluloid liner (containing bacterial
sediment) from inside of supercentrifuge bowl.

Use of automatic pipeting machine to dispense
nutrient medium-inoculum mixture to fermentation
tubes.




Figure 7. Overall view of in vitro unit, showing
gas manifold and distribution tubes,
fermentation tubes, and water bath.

Figure 8. Close-up view of several fermentatiomn
tubes fitted with gas delivery tubas, and
tube containing miniature pH electrodes.
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Figure 9. Undigested cellulose residue sedimented by
centrifugation following termination of
fermentation period.

Figure 10. Cellulose analysis: Eight tubes (containing
acid digestion mixture) immersed in boiling water
bath (foreground),

Filtration of acid digestion residue (background).



C. TRIAL 1. THE EFFECT OF VARIOUS SUPPLEMENTS ON THE IN VITRO
DIGESTION OF PURIFIED CELLULOSE.

1. Introduction.

Bentley gt 2l. (1955) obsarved a low level of in vitro cellulose
digestion when a purified nutrient medium and resuspended cell imoculum
was used, due to the abaence of "rumen liquid factoms' necassary for
maximsm cellulolytic activity. The addition of valeric acid to the
medium resulted in a level of cellulose digestion equal to that
observed when cell-free rumen liquid vas used. Dehortty et al. (1957)
demonstrated that a mixture of saveral anino acids could substitute
for valeric acid with a similar stimmlatory effect. Hall et al. (195k,

1955) reported that casein hydrolysate added to the i{n vitro medium

resulted in & "congiderable increase in cellulose digestion."
The purpose of Trial 1 was to ascertain the relative and possible
additive effects of these supplements on the digestion of purified

cellulose in the in vitro system as previously described.

2. Experimental procedure.

This trial deviated from the general procedures described
in IV, B 1in the following respects:

a) Mutrient medium.

Solutions (4) casein hydrolysate, and (5) valeric acid,were not
included in the medium but added geparately to certain fermentation
tubes.

All of the substances in solutioms (1), (2), (3), (6), (7),
and (10), were added in half the amounts per tube indicated in
Table 1. :

No phosphate buffer (9) was added to the nutrient medium, and
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only 200.mg. of sodium carbonate (8) was added per tuba.
b) Sussgrage and inocplum.

Bactarial inoculum was used at a level of 5 ml. per tube, with
Solka Floc at 500 mg. to supply 470 mg. of cellulose substrate., Total
tube volume was 35 ml.

c) Supplements.
The amino acid mixture, based on that reported by Dehority

at al. (1957), was ag follows (Table 2):

TABLE 2

COMPOSITION OF AMINO ACID MIXTURE.

- - ]
Amino acid , wg./nl.
L Leucine | 2
L Isoleucine . 2
L Valine b
L Proline ' k
Total 12 mg. /ml.

The levels of the various supplements used are indicated
in Tablae 3.

The supernatant, used as 2 supplement, was the cell-free
liquid obtained from the centrifugation of the bacterial cells, and
thus served as a source of "rumemn liquid factors."

d) Fe tatio .
This trial consisted of 3 fermentation runs, with & tubes per

treatment in each runm. .
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3. Results and discuggion.

The results of this trial are susmarized in Table 3, and
graphically illustrated in Figure 11. Individual cellulose
digestibility determinations appear in Appendix Table la, with thae
results of the statistical enalysis of the data presented in
Appendix Table 2a.

TABLE 3

EFFECT OF VARIOUS SUPPLEMENTS ON THE IN !%!Eg DIGESTION OF PURIFI!D
CELLULOSE (TRIAL

Supplements: Amount added per tube

valeric acid g-g.) 0 0 2.5 5 2.5 0 2.5 O
casein hydrolysate (mg.) | O 0 0 0 0 0 %0 50
amino acid mixture (mg.) |O O O 0 o 12 12 0
supernatant (m1.) | O 5 0] o 5 0 0 0

Cellulose digestion’»2 (%) 27 56 70 76 18 78 79 &

1 12 observations per treatment.

2 Any two means not underscorad by the same line are significantly
different (P = ,01)

Although all supplements resulted in a highly significant
increase in cellulose digestion when compared to the basal medium,
the most striking festure of thig trisl was the magnitude of these
increases ranging from 100 to 200%. The ability to compare the
relative stimulatory activity of the various supplements is limited
by their similar effect as well as the highly significant iater-
action observed between supplementation and fermentation runs. Of
interest is the observation that np other supplement or combination
of supplements, at the levels used, could consistently account for

the activity of the casein hydrolysate.



T

BASAL

SUPERNATANT (5 ml.)

VALERIC ACID (2.5 mg.)

VALERIC ACID (5.0 mg.)

VALERIC ACID (2.5 mg.) + SUPERMATANT (5 ml.)

AMINO ACID MIXTURE (12 ng.)

CASEIN HYDROLYSATE (50 mg.)

VALERIC ACID (2. . AMINO ACID MIXTURE (12 mg. CASEIN
(2.5 mg.) + HYDROLYSATE sso:.;"k
1 | 1 . [ i | 1
10 20 30 4o 50 60 70 80

CELLULOSE DIGESTION (%)

Figure 11. The effect of various supplements on the in vitro digestion
of purified cellulose (TRIAL 1).




The relatively low potancy of the supernmatant is probably a
manifestation of the 7-fold dilutfon of this material by tha fermentation
n:l.xtutfe, as well ag the possibility that this material prepared from
a phosphate buffer extract of rumen imgesta did not have as high a
mutrient concentration as the origimal rumen liquid. The sepernatamt

used by Bentley gt al. (1955) was a product of the original rwmen ligquid.



With the modification by Quicke gt al. (1959a) of the 4§ vitre

procedure used at the Chio Agricultural Experiment Station, the
suggasted changes were adopted in the system being used in these
studies.

This trial vas a contimuation of the study of the effect of
supplementation of the basal mediwm as a test of its mutyitional
adequacy in supporting meximmm cellulose digestion. Another factor
studied was the possible effect on ip vitro cellulose digestion of the
forage fed to the imoculum donor.steer. This factor was intreduced
since the original forage used was not available during the latter two
replicates of this trial.

2. Experimental procaduye.
This trial followed the general procedure as described in
IV, B., with the following additioms and modifications:
a) Subgtrate.
Purified cellulose (Solka Floc) was weed at a level of 500 mg.
per tube to supply 470 mg. of cellulose substrate.
b) Supplements.
The levels of the various supplements studied are indicated
in Table 4. The composition of the amino acid mixture was as listed
in Table 2.
c) Fermentation runs.
This trial consisted of 4 fermsntation runs, 2 conducted in the
surmer of 1958, and 2 in the summer of 1959. Rach fermentation rum

contained 4 tubes for each of the treatments.
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d) Porage to donor_steer.

The chemical analysis of several components of the alfalfa hays
fed the inoculwm donor steers during the summers of 1958 and 1959
is listed in Appendix Table Ba. The hay fed in 1958 (No.2) was
characterized by a lower protein content than that wsed ia 1959
(Ro.3). Since this was the most obvious differsnce between these
hays, they are referred to as "low-protein" and "high-protein"
alfalfa hay, respectively. This terminology is wsed only in a
relative sense.

5. Basults apd discussion.

The results of this trial are sunwarized in Table L, and
graphically illustrated im Figure 12. Individual cellulose deter-
minagions appear in Appendix Table 1lb, with the results of the
statistical analysis presented in Appendix Table 2b.

TABLE L4

EFFECT OF VARIOUS SUPPLEMENTS ARD FORAGE FED TO INOCULUM DOWOR STEER
ON THE IN VITRO DIGESTION OF PURIFIED CELLULOSE (TRIAL 2).

SRR ‘

Supplements: Aoount used per tube
valeric acid (mg.) | O 6 0 20 1% 0 0
casein hydrolysate é-..) o} 0 0 0 0 50 100
amino acid mixture (mg.) | O 24 12 o] 0 0 0

Forage fed inoculum domor:

- Low protein (No.2) 16 67 T1 Bk g8k 90 92
High protein (No.3) 16 67T T3 8 8 g1 92

Average 1,2 16 67 T2 83 8k 90 92

1 16 observations per treatment.

£ Any two means not umderscored by the same line are significantly
different (P = 0.01).



ALFALFA HAY PED TO :
| 1w . |eroTEIN

RAARSRGS ’\\\\\\\\

BASAL
NN

AMINO ACID MIXTURE (2 ng.)

NOONANNNNNANNANNANNNN

VALERIC ACTD (45 mg.)

NUGNNNRRRNNNRNNRNRRNRNRSY

VALERIC ACID (20 mg.)

ONONUONNONUONUNNUNON N NN

CASEIN HYDROLYSATE (%0 mg.)

NOUONMONUONNNUONUONNNONNNANNNNNANANYN

CASEIN HYDROLYSATE (100 mg

\\\\\‘L’\\X\\‘QXXX\\\\\Y&

1\ | | 1 L | L | |

10 20 30 ko %0 60 70 80 90
CELLULOSE DIGESTION (%)

Figure 12, The effect of various supplements and forage fed to imoculum
donor steer on in vitro cellulose digestion.
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Although there were many marked similarities between this trial
and the previous ome (Trial 1), no attempt will be made to compound
the data because of quantitative differences in the {3 vitxo
procedures used in-thn two trials, Thase differamces included the
total liquid tube volumoe (35 ml. vs. 50 ml.) resulting in dissimiler
levels when concentration of the supplements are expressed on a
mg./ml. basis. Other differences batween the two trials wers the
level of nutrients in the ndtrient medium and level of some of the
supplements. |

As observed in Trial 1, the most obvious result was the
stimilatory effect of any of the supplements when compared to the
basal medium, Each nupplcneht was highly significantly different-
(P = 0.01) from the other, with the amino acid mixture the ionnt
4effect1ve, the casein hydrolysate the most effective, and valeric
acid in an intermediary position.

Among the supplements, doubling the level of the amino acid
mixture had a highly significant (P = 6.01) depressing effect on
_cellulogse digestion. In order to detormine if inhibition, in faet,
was also occurring at the lower level (12 Ig./tnﬁe), a total of 8
fermentation tubes containing € mg. of the amino acid mixture vere
tested in two of the fermentation runs (mot included {n the
statistical analysis becsuse of incomplete veplicatiom). With this
level of supplementation, average cellulose digestion was 70%,
suggesting that the optimum amino acid mixture level was betweem
6 and 12 mg., under the conditions of this experimenmt. Inhibition
of in vitro cellulose digestion has besn noted by Dehority et al.

(1957) as a result of high lavels of casein hydrolysate and certain

1o prge 7
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amino acids, and by McLeod amd Murray (1956) when the councentration
of the amino acids valine, leucine and isoleucine was doubled im their
fermentation mixture,

No significent difference was observed batwesn the results
obtained from runs im which the imoculwm donor steers were fed
different forages, although this observation was also comfounded
with time.

0f interest, is the axtremely low experimental error ocbmerved
in this trial, as shown by the standard deviation of % 1.9, This
contributed, in part, to the highly significant interactiom between
treatments and fcrmtat!:on runs. This interaction was considered

to heve no practical meaning,



1. Introductionm.
Bentley st al. (1955) reported that valeric acid added to the

mutrient medium could accouat for all of the cellulolytic activity
present in cell-free rumen liquid (cmatttfuge supermataat). In
contrast, the results of Trials 1 and 2, as reported here, indicated

that casein hydrolysate resulted in slightly greater cellulese digestion

than valeric acid.

In Trial 3, a series of observations were made on the effect of
valeric acid and combinations of valeric acid and casein hydrolysate,
in order to define a nutrient medium which supperted meximem ip vitro
celluldse digestion. The level of cellulose substrate used in this
trial, end all subsequent trials, was reduced to the level suggested
by Quicke st al. (1959a).

2. Experimental procedure,

As described in IV, B., #ith the tol}wtng- additions and

modifications:
a) Substrats.

Purified cellulose (Solka Floc) was used at a level of 210 ng.
to supply a cellulose subgtrate level of 200 mg. per fermemtation
tube.

b) Fermentation runs.

The observations made in this trial did not constitute an
entire fermentation run, but were a smell part of 3 fermemtation
runs, with the remaindar of the data presented alsewhere. The
offect of treatments (supplementation) studied in this trial was

determined in duplicate tubea in sach of the fermentation runs.



3. Results and digcugsion.
The results of this trial are summarized in Table 5, with the

individual observations appsarimg in Appendix Tabla lc. Statistical
analysis of the data i{s presented in Appendix Table 2 c.

TABLE %

THE EFPECT OF VARIOUS COMBIMATIONS OF VALFRIC ACID AND CASEIN HYDRO-
LYSATE ON THE I VITRO DIGESTION OF PURIFIED CELLULOSE (TRIAL 3).

Supplements: Amoumt added per tube

valeric acid gq.) 1% 30 15 1%
cagein hydrolysate (mg.) 0 0 100 50
Cellulose digesti.onlra (%) 93 ok 5 . 96

1 6 observations per treatment.
2 Any two maans not underscored by the same line are significantly
differems. (P = 0,01),

Thase observations were not intended to encompass all possible
lavels and combinations of valeric acid and casein hydrolysate, but
rather to determine if the nutrient medium used by Quicke ¢t al.
(1959a), containing 15 ug. of valeric acid pef tube, could be
improved on by the addition of casein hydrolysate, as indicated in
previous trials. The most ugaeful medium would ba one that could be
dafined in terms of its actual chemical composition. Any additions
of casein hydrolysate (an undefined mixture of nitrogenous compounds),
would thus hava to be justified by its positive contribution to the
medium {in supporting maximum cellulolytic activity.

As shown in Table 5, the additiom of 50 mg. of casein hydre-

lysate to the basal level of 15 mg. waleric acid per tube, did resslt
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in a slight but highly significant (P = 0.01) increase in cellulose
digestion. Based on this observation, these levels of casein
hydrélysate and valeric acid were adopted in the nutrieat medium
(as indicated by Table 1), in those studies vhere information other

than the effect of nutrient supplemsatation was required.
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F. TRIAL 4. THE EFFECT OF CASEIN HYDROLYSATE SPPPLEMENTATION AND

FOBAGE FED TO INOCULUM DONOR STEER ON THE IN VITRD DIGESTION
OF NATIVE FORAGE CELLULOSE.
1. Ingroductiom.

The preceding trials were intemded to test the adequacy of the
putrient medium to support meximsm digestion of purified cellulose.
Trial 4 was an extension of these stwdies, utilizing as substrate
native cellulose of 5 species of dried forages.

Mzjor factors studied in this trial were the necessity of
adding casein hydrolysate to the nutrient wediwm containimg valeric
acid, and the effect om cellulose digestion of differeat forages fed
the inoculum donor steer.

2. Experimental procedure.

As described in IV, B,, with the following additions and
modifications:

a) Sgbetrates.

The five forage substrates used in this trial (alfalfa, red
clover, birdsfoot trefoil, bromegrass, and timothy) are delcribod
in Appendix Table 3b (samples No.l-5). .

b) Nutrient medium.

The mutrient mediwa designated as the control comtained all
the substances ligted in Table 1 except casein hydrolysate, which
was added separately to half the fermemtation tubes.

c) Fermentation runs.

This trial consisted of 4 fermentation runs, 2 conducted in

the summer of 1958, and 2 in 1959. Each fermentation run contained

2 tubes for each treatment.
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d) Forags fed to inoculum domor pLesr.

The chemical analysis of several components of the alfalfa hays
fed the inoculum donor steers during this trial {s listed in Appendix
Table 3a. As previocusly described in Trisl 2, these forages are
designated as low and high protein, these terms being used in a
relative sanse only.

3. Regulta and dipcuggion.

The results of this trial are summarized in Table 6, with the
individual observations appeering in Appendix Table 14, Statisticel
analysis of the data is presented in Appendix Table 2d.

TABLE 6

EFFECT OF CASEIN HYDROLYSATE SUPPLEMENTATION AND FORAGE FED TO INOCULUM
DOROR STEER ON THE IN VIIRO DIGESTION OF NATIVE FORAGE CELLULOSE (TRIAL k),

Porage fed Notrient Forage Cellulose Digestion (%)
donor stear | - mediwm Alfalfa R.Clover B.Trefoil Brome Timothy
| (1) (2) (3) (k) (5)
Low protein Control 561 57 86 sk 53
alfalfa )
+ Casein 56 57 (38 61» 61¢
hydrolysate
High protein Control 57 63 63 " 2] 60
alfalfa
+ Casein 57 62 61 62 €2
hydrolysate

1 L observations per treatment.
digestion

# Highly significent increase in cellulose,due to casein hydrolysate
(P - 0.01 .
Perhaps the most important observation in this trial was the

highly gignificant incresse in digestion of the cellulose of certain



forages due to the addition of casein hydrolys_ate when the low-
protein alfalfa hay searved as feed for the inoculum donor steer.
Alternatively, this effact might be interpreted as a depression of
cellulose digestion due to the absence of casein hydrolysate in the
medium. In contrast, the lack of casein hydrolysate had no effect on
the digestion of auny of the forages vhen inoculum was prepared from
the steer fed the high protein alfalfa hay.

Exemination of the chemical composition of the forages
(Appendix Table 3b) indicates that thpse substrates responding to
supplementation were lowest in protein content, with the degree of
the effect (increase or &epreuton) inversely proportiomal to protein
content., On the basis of this observatien, a possible explanation of
the results obtained in this trial wmight be that the nutrient wedium
prepared with inoculum obtained from the steer fed the lower protein
hay was deficient in either total nitrogen or some particular
nitroganous compound. This compound could have been supplied either
by the native protein of the substrate, or by the addition of casein
hydrolysate when the substrate itself was deficient in the substance.
The inoculum prepared from the steer fed the higher protein hay
might have contributed to a carry-over of this substance from the
original phoaphate buffer extract.

This explanation does not account for the fuct that no such
effect was observed in Trial 3, when purified cellulose (Fontaining
no native protein) was subjected to similar treatments. A source
of non-protein nitrogen (urea) was present in all trials, but
apparently did not correct any deficiency in Trial 4., The difference

in results between these two trials might be related in some way to
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the microbial pepulation proliferating in the fermentation tubes.
With the purified cellulose substrate, proteolytic basgeria would
be eliminated from the fermentation mixture, while the presemce of
these organisms would be indicatad in tubes containing native forage
protein.
Due to the fact that cellulose digestion was the only criterion

obeervad in these trisls, no direct explanation of the results can be

offared.
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G. SUMMARY.

The purpose of the experiments described in this section (IV)
was to study the effect of various factors on the in vitro cellulose
digestion of both purified and native forage cellulose substrates.
This informetion was sought in order to define various procedures
as wvell as to determine the nutrieat composition of the in yitro
medium capable of supporting maxisum and consistent cellulolytic
activity. Definition of the in vitro procedures was considered
necessary before studies of forage nutritive value could be
instigated. ‘

Becauge of the preliminary nature of this work, principles of
proper experimental design could not be adhered to in meny cases,
This resulted in coﬁfoundtng and incomplete replication of several
factors, This difficulty was aggravated by the unexpected nltﬁto of
some of the results, as illustrated by the fact that many comparisons
made in this section were not originally anticipated, {.e. the
affect of forage fed inoculum domor steers on cellulose digestiom,

Using the in vitro system as defined in this section, it was
shown that the nutrient medium used by the Ohio workers (Quicke
et al., 1959a) could be improved upon by the addition of 50 mg. of
casein hydrolysate per fermentation tube, and that the cellulolytic
activity due to the addition of the casein hydrolysate could not be
accounted for by added valeric acid or a wixture of & amino acids.

In studies with purified cellulose substrate, it was shown that
levels of valeric acid higher than 15 mg. per tube did mot result
in any further increase in cellulose digestion. Increasing the amino

acid mixture level over a total of 12 mg. per tube resulted in a

decrease in cellulose digestion.
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When the cellulolytic activity of inoculum prepared from steers
fed z relatively low.protein alfalfa hay was compared to that of donor
steers fed higher protein alfalfa hay, the following observations were
wmade:

1, With a purified cellulose substrate, no differences due to
inoculum source were noted when valeric acid, caseim,hydrolysate, or
amino acid mixture were added to the basal medium.

2. With native forage cellulose substrates, however, several of
the forages (gemerally those lower in protein content) responded
significantly to casein hydrolysate supplementation - when low-protein
hay sefved as the inoculum donor's fesd,

3. Cellulose digestion for all forages appeared maximal -
regardless of supplementation - when the inoculum was obtained from
the donor steer fed the higher protein alfalfa hay,

The differential effect of casein hydrolysate supplementation
on native forage cellulose digestion appeared to be related to a
nitrogenous substance(s) present either in the forage substrate,
isoculum, or casein hydrolysate, When not supplied by any one of
these sources, lack of this substance in the fermentation mixture
spparently can result in a depression of cellulolytic activity.

Summarizing the preliminary ianformation presented in this
section, it would appear that in order to obtain maximum digestion
of ;11 cellulogse substrates, the nutrient medium of Quick et al.
(1959a) should be supplemented with casein hydrolysatc; and in
addition, the bacterial inoculum should be prepared from gteers

fed a high-protein alfalfa hay.



V. _PREDICTION QF THE NUTRITIVE VALUE OF A PORAGE FROM IN VITRO
RUMEN FXRMENTATION DATA.

A. TRIAL 5. THE ESTABLISHNEN]

CELLUTOSE DIGESTIBTLITY OF A FORAGE AND 175 }
DETERMINED IN VIVO.

1. Introduction.

There have been many successful attemptsz in recent years to
correlate in vitro forage cellulose or dry matter digestibility with
various digestibility coefficienta (cellulose, dry metter, emergy) as
deterwmined in vivo. These prbcedu:oa are generally limited not by the
accuracy or precision of the in vitro techniques, but rather by the
failure of the chosen in vivo criterion to completely describe forage
nutritive value.

That the Nutritive Value Index (N.V.1.), as proposed by Crampton
et al. (1960), 1s the most complete description of forage mutritive
value which can be determined practically, is suggested by the fact
that it takaes into consideration both the digestible enexrgy content and
the extent to which a forage will be voluhtartly consuwed., The W.V.I.
is thus a measure of the total digestible energy potential of a forage.

Crampton (10%57) has postulated that the voluntary consumption of
a forage is limited by the rate of microbial digestion of tt; cellulose
and hemicellulose components. Trial 5 was designed to compare the
rate of in vitro cellulose digestion of forages with their N.V.I. and
its components (Relative Intake and energy digestibility) as determined
in vivo. |
2. Experimental procedure.

The in vitro system and procedures used in this trial were as

described in Section IV, part B, with the following additions and
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nodifications:
a) Substrates.

Forage samples vere used to supply cellulose substrate level of
approximately 800 mg. per fermentation tube., The forage samples used
in this trial had been collected during the in vivo sheep feeding trials
in vhich voluntary consumption and digestibility of proximate principles
and energy had been determined. These forages consisted of 5 harvested
in 1956, artificially dehydrated, and fed to shecp in the chopped form
(Smith, 1958) and 4 harvested in 1957, and fed under similar conditions
(Beacom, 1750). The N.V.I.'s and thelr components (Relative Intake and
energy digestibility), as determined for these forages in vivo,are
presented in Teble 7. Their chemical composition is given in Appendix
Table 3b (samples 1-2). The digestibility of purified cellulose
(Solka Floc) was determined {n all fermentation rums.

b) F.rage fed to inoculum donor steer.

"High -protein” alfalfa hay (No.B)l was fed to an inoculum donor
stcer during the entire course of this erial.

c) Permentation periods and rums.

A randomly sulected tube of ecach forage testad in a fermentation
run vas vithdravn after 3, ¢, 12, 24, and 4 hours of fermentation.
A single determination at each time period for 5 different forages
and purifiad cellulose vas made in each run, with % runs constituting
2 test. Data for tha 7 forages studied in this trizl were thus

collected Iin 2 tests of 4 runs each.

1 4vpendix Table 3a.



TABLE 7

RELATIV< INTAKE, ENERGY DICESTIBILITY, AND N.V.1. OF FORAGES AS
DSTERMINGD IN VIVO,

Fornge Ralative Energy
Intake Dig?;gtbility N.V.I.

1956:

(1) Alfalfa 79 63 50
(2) Red clover 106 67 ol
(3) Birdsfaot Erefoil 59 63 63
(4) Bromegrass 71 60 43
(5) Timothy 56 61 3l
1957

(6) Red clover, early bloom 98 55 5l
(7) Red clover, late bloom 92 5% ko
(8) Timothy, early bloom 66 58 38
(9) Timothy, late bloom 69 50 3

Poolad standard deviation: +10 2 7
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3. Regults and discussion.

Cellulose digestibility coefficients after the various fermentation
periods are summarized in Table 8 for all forages and purified cellulose.
These data are graphically illustrated in Pigure 13 (1956 for;ges) and
Figure 14 (1957 forages). Individual cellulose digestibility determina-
tions are presented in Appendix Table le.

As {llustrated {n the graphic presentations, lag periods in the
start of cellulose digestion appear to be related to forage species;
i.e. initiation of cellulogse breakdown in the grasses © bromegrass and
timothy - lags several hours behind that of the leguminous species.

This differential fermentation start is reflected in the level of
cellulose digested up to the 12-hour determination. Once active ferm-
entation started, there appears to be only minor differences in rate

of digestion trends between the forages. After 12 hours, the rate of
digestion dacreased(except with purified cellulose), with little if any
digestion observed between 24 and 48 hours for the leguminous species.
The greater rise in digestion between 24 and 48 hours observed for the
195¢ timothy and bromegrass samples is of questionable significance,
because of the lengthy time interval involved. That the decrease in
rate of digestion after 12 hours is related to lignification of the
forages is suggested by the behavior of the unlignified Solka Ploe

(0% cellulose), vhich in the early stages of fermentation was closely
related to the grasses, but unlike them did not increase in fermentation
rate until it has been digested almost to completion. It is of interest
that the genersl characteristics of these fermentation curves are also
found upen examination of in vitro cellulose digestibility time curves

presented by Hershberger et al. (1959).



TABLE 8

IN VITRO CELLULOSE DIGESTIBILITY OF PORAGE AND PURIFIED CELLULOSE

SUBSTRATES AT VARIOUS FERMENTATION TIMES, TRIAL 5.

4 ntation hoyr

Substrate

3 6 12 2k 48
19561 |
(1) Alfalfa 8 26 k7 5k 56
(2) Red clover 8 28 55 62 63
(3) Birdsfoot trefoil 6 22 51 60 62
(4) Bromegrass 0 8 37 56 68
(5) Timothy 0 8 37 56 66
7 .
(6) Red elover, early bloom| U 20 L6 53 58
(7) Red elover, late bloom | k& 25 b7 53 59
(8) Timothy, early bloom 1 11 38 57 63
(9) Timothy, late bloom 1 5 27 L6 5l
Solka Ploc (purified 1 2 37 92 100

cellulose)

Pooled standard deviation: 5 13 2 2
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In order to determine what relationships existed betwesn
in vigro cellulose digestion and in yivo measures of mutritive value
obtained for the same forages, simple correlation coefficients were
determined between all possible pairs of the in vitro and in vive
data. Only those correlations shown to be statistically significant

are presented in Table 9.

TABLE 9

SIGNIFICANT CORRELATIONS BETWEEN THE IN VITRO AND IN VIVO DATA,

TRIAL 5.
Variables correlated Coefficients
r

Butritive Valwe Index with:

6-hour in vitro cellulose digestion 0. 843 0.71
12-hour #n vitro cellulose digestion 0.91#* 0.82
Belstive Intaks with:

12-hour in yitro caellulose digestion 0.8p%» 0.69
E ] 1 with:

2k-howr in yitro cellulose digestion 0,87 0.76

#% Highly significant (P=0.01).

That 12-hour ip vitro cellulose digestion was highly correlated
with voluntary consumption (Relative Intake) is of great interest.
If the lag periods which characterize the 12-hour in vitro determina-
tion also occur when & forage is introduced into the intact rumen,
they may serve to explain factors which affect level of intake. This
hypothesés was presented by Crampton et al. (1960) who suggested

that reduction of rumen load, as a consequence of rate of microbial



degradation of cellulose and hemicellulose, determines the length of
pariod batwsen recurring hunger, and thus the voluntary consumption
characteriatic of a particular forage.

The highly significant correlation between 2k-hour in vitro
cellulose digestion and ip vivo energy digestibility is one that has
been demonstrated by other workers if the following assumptions are
made: (1) That the 2h-hour ip yitro determination is essentially a
msasure of the characteristic "leveling off" of rate of digestion
(Kametra gt al., 1958). (i1) That in vivo indices such as TDN,
digestible dry matter, and digestible cellulose, in fact measure or
are related to the available energy content of a forage. Therefors,
iy vitro cellulose digestion at 24 hours and beyond essentially
neagures tho digestible energy available per unit of forage consumed.

Of special interest is the highest correlatfoa observed -~
i.0. that between the N.V.I. and 12-hour cellulose digestibility
(Figure 15), Based on the limited data presented, this ip vitro
criterion can thus predict with a high degree of accuracy the total
digestible energy potoﬁtinl of & forage, using the equation
Y=-7.8 +.1.511, where Y equals the predicted H.V.;. and X the
12-hour {n vitre cellulose digestibility. '~ - = ;il.. - - - "~

-

Ehna I

It 1s of {nterast that the pooled standard deviation! for the

12-hour in yitro determimetion is i3 (Table 8). This within-forage
variability is low, considering that each valuve 1is an average of

b gingle detarminations, each mede in a separate fermerntation run.

! Average of the standard deviation obtained for sach of the forages.
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Perhaps even greater error control could be achieved 1f the ip vitro

cellulose digestion of a forgge was determined in duplicate or
triplicate within a run, with 2 or 3 fermemtation runs constituting
a test. In contrast, the high variability of +10 (Table 7) is
assoclated with the measuremsnt of volumtary consumption (Relative
Intake), and is reflected in the pooled standard deviation for the
N.V.I. (7). This shortcoming in the measurement of voluntary
consumption, as described by McCullough (19%59), necessitatas the
obaervation of a larger experimental animal "population” in order
to obtain reliable values, and te show significant differences
between forages. This fact increases the usofuimos of t& in vitro
technique, since once the basic relationships between the in vivo
and in vitro values are well definad, the prediction of the N.V.I.
by in vitro procedures can be highly accurate.

Although the {n vitro results described im this trial, and their
relationships to the N.V.I, were obtained using a well-dafined
in vitro rumen fermentation procedure, other in vitro techniques also
might be applicable. The prerequisite of a useful {g vitro
technique must be its ability to msasure the effect on cellulose
digestion of early lag differences between forages. Hershberger
st al. (1959), using an in vitro system characterized by rumen liquid
fnoculum obtained from sheep, have presented fermntation time curves for
Wdnbese digestion which indicate marked differences betwesn forages
in the early stagss of digestion (less than 10 hours). As in Trial 5,
these early fermentation differences of Hershberger et zl. do not
appear to be related to the ultimate in vitro cellulose digestibility

of the forages studied. Unfortunately, it is not possible to examine
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the relationship between early ig vitro fermentation and voluntary
consumption of rthe forages studied by these workers, since the latter
criterion was not determined in their ig vivo sheep trials,

The use of a standard subgtrate in all fermentation runs might
enabls comparisons as well as permit corrections to be mads for the
observed data according to some previously defined standard response.
Thus,.by taking into account and correcting for various levels of
ccllulalytic activity in different fermentation rung, it may be
possible to reduce within-forage variability of the ig vitro
determingtions. The only standard cellulose substrata which was
readily available and chemically defined was Solka Floc. Although
it 1is not a forage but a purified cellulose, it nevertheless was
incorporated in all fermentation runs. There are several disadvant-
ages in the use of a purified celluloge substrate, related to the
observation that it does not necessarily behave similarly to native
forage cellulose in the fermentation mixture. The average Solka Floc
callulose digestion at 12 hours in this trizl was 37% with a standard
deviation of 16, the latter being twice that observed for the forages
and suggesting that it might be aver-sensitive as a standard. This
would indicate that the purified cellulose subgtrate might respond
to variations in the ip vitro procedures which would have a smaller
effect on tﬁe cellulose digestion of forags substrates.

It might be of interest to speculate as to causas of the
differentiai lag periods observed im initiation of in vitro cellulose
digestion of forages of varying nutritive value. In developing this
in vitro rumen fermentation procedure for testing forages an attempt

was made to eliminate variables that were not related to the nutritive
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value of the substrates. To this end, the forage samples wers all
uniformly prepared for ip vitro digestion by grinding to pass the
same mill gcresn. Likewise, the composition of the nutrient mediwm
wvas designed to support maximum dipotlo?n of a purified cellulose
substrate. This latter point would indicate that no gross nutritional
deficiencies due to the mutrient composition of the forages would
affect the length of the lag periods, although the intricacies of
the interactions between the multitude of rumen microorganisms and
their specific nutrient regmirements perhaps cannot be ignored.

Oglinsky and Umbreit (195%) note that in the lag phase of the
bacterial growth cycle, the lag is in cell division not in the
synthesis of new protoplasm. These workers suggest that factors
contributing to the magnitude of the lag phsase include carry-over
of metabolites necaseary for cell growth and divisiom (shortening
lag phase); and adaptation to new mediwm requirismg elaboration of
nevw enzymes for usiag different sources of nitrogen and carben
(lengthening lag phate). Since the in vitro rumen fermentation
procedure deseribed in these trials iuvolves & common imoculum and
mitrient medium source, it would appear that the differe¢ntial lag
period is related to .Wn and/or phyeical property character-
istic of the forage substrate.

Microscopic examimation of digested feed particles obtained
from rumen contents (Baker amd Harriss, 1947), indieated that the
cellulolytic bacteria are in very close proximity or "attach"
themselves to the swbatrate being Mrmd On this basis, differ-
ential lag periods may be the result of factors affecting "attach-

ment"” of tha bacteria to the forage substrate. Such factors could
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include the prasence and distribution of lignin and/or other complex
and relatively indigestible carbohydrates. Using a purified,
delignified cellulosae (Solka Floc) Salsbury et al. (1960) shortened
the lag phase in in vitro cellulose digestion by pre-incubation of
the substrate with rumen microorganisms. Since washing or a;;tocuvtng
‘of the pre-incubated gubstrate restored the original lag phase pericd,
they suggested that the effect of pre-incubation was due to attachment
of the organisms rather I:ha:n to & change in the substrate.

If it can be demoustrated that the f;ctoﬁ iafluencing early
initiation of in vityo celluloge digestion are related to physical
properties of the forage substrates, it might be possible to weasure
forage resistance to degradation by the use of cell-fres cellulelytic
enzyme preparations. Such an in vitrg procedure would greatly
simplify forage evaluation since fermentation with the fastidious
rumen microorganisms could thuz be eliminated. The presemt uasvail-
ability of such enzyme preparations which can actively degrade native
forage callulose substrates makes this an academic question at this

time.
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B. TRIAL 6. THE EFFECT OF FORAGE FED TO INOCULUM DONMOR STEER ON

" IN VITRO CEILULOSE DIGESTIBILITY OF 1987 FORAGES AT VARIOUS
FERMENTATION TIMES.

1. Introduction.
It was demonstrated in Trial & that the extent of in vitro cellw-

lose digestibility of a forage could be influenced by the nature of
the forage fed to the inoculum donor steer. In particular, the 30-hour
‘cellulose digestibility of certain low-protein forage samples vas
depressed vhen inoculum was obtained from a steer fed a low-protein
alfalfa hay. When the fermentation tubes containing these forages
were supplemented with cagein hydrolysate, cellulose diﬁution ves
normal.

In Trial 6, the rate of cellulose digestion, as influenced by
the nature of the forage fed the inoculum domor steer, was measured

for several forages for which the N.V.I. had been determinad i wivo.

2. Experimental procedwame.
This trial was run in conjunction with Trial %, uveing the
identical in yitro procedures.
s) Substrates.
The 4 forages harvested in 195';( were used in this trial
‘.~ .. (Now. 6-9; Appemdix Table 3b).
b) Forage fed to imocylum domor steer.
Inoculum used in this trial was pfepared from rumem contents of
a steer fed a low-protein alfalfa hay (No.2; Appendix Table 3a).
Comparative data for the 1957 foragessubstrates obtained using
inoculum prepared from the steer fed the higher protein alfalfa hay
(No.3; Appendix Table 3a), were thou‘dlumimd in Trial 5. |
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3. Regults and discussion.

The results of this trial are summarized in Table 10 and
illustrated graphically i{n Figure 16.

Statistical suvalysis of the data (Appendix Table 2e)
disclosas a highly significant difference (P=0.0l) between inoculum
sources. This difference in cellulose digestion, in favor of the
inpculum prepared from the donor steer fed the higher protein alfalfa
hay, was essentially confined to the 6- and 12-hour fermentation
perioda. 1In contrast, cellulose digestion using incculs prepared
from the different sources was not significantly different (P=0.01)
in the 2k~ and 48-hour fermentation periods when the forages are
compared on an individual basis. The fact that increasing fermenta-
tion tima dccreaacn_tho differences due to inoculum gources suggests
that the differences cbteined in Trial L, after a 30-hour fermeata-
tion period, would have been of a greater magnitude if observed
at an earlier fermeuntation time. o '

Since the 12-hour celluloge digestibility determination of a
" forage has been shown to be highly correlated (P=0.01) with its
N.V.I. (Tri{al 5), a more detailed examination of the effect of
inoculum gource at this fermantation time is justified. It appears
that the main effect due to inoculum source at 12 hours is the
lower overall callulelytic activity observed for the "low-protein'
source inoculum, with the forages in the same relative pogsitions
regardless of inoculum source.

When the relationship batween the N.V.I.'s‘and the 12-houf
in vitro cellulose digestion coefficients (using either source of

inoculum) was determined, the following correlation coaefficients



THE EFFECT OF FORAGE FED TO INOCULUM DONOR STEER ON

TABLE 10

OF 1957 FORAGES AT VARIOUS FERMENTATION TIMES. TRIAL-g

W

VITRO CELLULOSE DIGESTIBILITY

Fermentation time (hours)!

6 12 24
Alfalfa hay fed

, donor gteer, protein: | 12  #* 12 ) L2 v L2 B®
Forages (1957):

{6) Red clowver, early 12 20+ 38 houw 51 53 5% 58
(7) Red clover, late 12 25k | 42 g 50 53 53 50
(8) Timothy, early Y 11# 32 38# 51 g7 62 63
(9) Timothy, late o} 5 17 7% 1] L& kg 5k

! pata from 3-hour fermentation period not included because of difficulty in accurately

measuring low levels of cellulose digestion.

2 Low-protein alfalfa hay (No.2).

S High-protein alfalfa hay (No.3).

Fermentation data from Trial 5.

#* Highly significant increase (P=0.01) due to high-protein inoculum source.

* Significant increase (P=0.05) due to high-protein inoculum source.

701
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FIGURE 16. The effect of forage fed to inoculum dowor steer on in vitro cellulose
digestibility of 1957 forages at various fermeatation times (Trial 6).
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were obtained:

Inoculum from steer fed high-protein alfalfa hay, r = 0.91
" " 1] " lm_ " " " , r s 0.85.

Because of the limited mmber of comperisons, neither of the
correlation coefficients are statistically significent (P=0.05),
although they do indicate that the cellulose digestion obtained using
inoculum obtained from the steer fed the higher protein hay was
possibly mora closely related to the in vivo N.V.I. of the forages.

In all cases , the nutrient medium used in this trial contained
casein hydrolysate. This would further indicate that ig vitro
cellulose digestibility differences at the earlier fcrﬁautim times
vere more likely due to a generally low level of cellulolytic activity
for all forages, thoher than to a differential effect on 'law-proécin
forage substrates, as observed in Trial 4 when casein hydrolysate was
omitted from the mediwum. It would thus appear that the initially
low cellulolytic activity observed in this triel from inoculum prepared
from the donor steer fed the lower protein alfalfa hey, wvas related to.
quantity and/or tyge of bacteria appearing in the inoculum. The fact
that the level of cellulolytic activity increased with fermentation
time with the '"low-protein gource" inoculum would indicate s
"catching-up'" by the bacteria as thay proliferated with time.

It might be postulated that the use of inoculum possessing lower
cellulolytic activity would be just as accurate in predicting the
N.V.I. of a forage, if some fermentation period greater than 12 hours
were chosen. Since reports in the literature indicate that some of
the in vitro systems used by other workers are charutcriied by a

lower level of cellulolytic activity than that reported in this study,



the question of detarmining the optimsm fermentation time for these
systems is of some importance, if this forage testing procedure is
to find wida applicability. It would appear, although data is mot
available to substantiate this postulation, that the optimm
fermentation period to predict the N.V.I. of a forage using any
reasonably accurate in vitro system, could be determined with test
forage semples of known nutritive value (N.V.I.). The procedure,
as used in Trial 5, would consist of dcterniﬁiug the for-l;ation
curves (celiulose digestion X time) for the atandard forage samples,
and determining at which time period the maximum correlation with
N.V.I, is obtained. 8uch standard forage ssamplas would be obtained
from a laboratory whare the N.V.I, had been dstermined in animal
faeding trials. This would form & basis for standardization of

in vitro results betwesn various laboratories.
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C. IRIAL [HE RELAT IOWSHLP RETWESRH 1¢- Kt h DIGEST TR LLIIY
ARt Yo LN VIVO N.V.1. OF PORAGES FEP g% _CROPPED AND GROWHD YORM.

1. Introductiocg.
The results of Trial 5 indicated a highly significant correlation

between 12-hour ip yitfo cellulose digestibility and the ip vivo W.V.I.
of forages fed tc sheep in the chopped form. Since only a limited mumber
of eamples fed {n one physical form were tested in Trial 5, the
applicability of the {g vitxo procedure to testing forages of widely
‘diffcring qualities fed in variocus physical forms was not established.

Trial 7 consisted of an extansion in the mumbder of in viyo -
in vitro comparigons (including forages which were fed in each of two |
phy'sical forms - chopped aud ground), im order to detarmime the affect
of the extended data on the ip vitro prediction equations for the N.V.I.
of a forage.

2. Experimental procedure.

The in vitxo system aad procedures used in this trial were as
described in Section IV, part B, with the following additions and
wmodifications!

a) Substrates.
The mumbar and form of the forages studied i{n this trial were

as follows (Table 11):
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TABLE 11

FORAGES STUDIED IN IN VIVO - IN VITRO COMPARISONS. TRIAL 7.

Source Year Physical form fed
harvested Chopped Ground
Macdonald College ' 1956 5t .
" " 1957 b 4
" " 1958 - 6
" " 1959 ' 6 6

Saskatchewan (9wift Curreamt) 1955 11 -

1 pata from Trial 5.

The 1956 and 1957 forages fed in the chopped form were as
described prcvimly. The 1957 forages were also fed in the ground
form with the results reported in this trial. The 1958 forages
included L4 stages of maturity af artificially dehydrated hay fed only
tn the ground form (Jeffers, 1960). The 1959 forages represented 3
stages of maturity of alfalfa hay and of bromsgrass hay, each maturity
stage fed in both the chopped and growmd ferm. The Saskatchewan
samples, from the Swift Current Research Statiom of the Canada
Department of Agriculture, were obtained from forages fed in sheep
trials as described by Troslsen and Campbell (1959). The Nutritive
Valus Indices of these forqu. vere calculated om the basis of the

- in vivo data presented in their report.
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b) Fermentation rvms and periods.

Since only 12-howr in vitro cellulose digestibility was
determined for most of the forages reported in this trial, it was
possible to makes duplicate determinations for 15 forages in a
fermantation run, with 3 runs constitutiang a test.

c) Forage fed to inoculum domor steer.

"High-protein" alfalfa hay (No.3 or k) was fed to the inoculum
donor steer during the course of this trial.
3. Regults apd discugaion.

The results of the 12-hour cellulose digestibility determinations
for the forages fed im chopped or in ground form are presented in
Tables 12 and 13, respectively. Since the physical form in which a
forage iz fed may have considerable effect on its voluntary intake,
and gubsequantly on the calculation of its N.V.I., the same forage
fed in various forms may have a different N.V.I. for each of these
forms. The in vitro fermentation test, however, is always based on
2 finely ground sample and the results are thus independent of the
actual form in which the forage was fed. It is for this reason that
separate regrassion analysis are Yequired for each of the physical
forms studied, as presented in Tabla 1l&, Graphical illustration of

the regression lines are presented in Figure 17.

1 Appendix Table 3a.



TABLE 12

1

VIVO (N.V.I) AND IN VITRO (12-BOUR CELLULOSE DIGESTION) COMPARISONS
R FORAGES FED IN CHOPPED PORM,

W

Forage Description N.V.I. 12-br. 4in vitro
(in yive) celluloge
d i
Macdonald College,1956:
Alfalfa early bloom %0 k7
Red clover " " 71 55
Birdsfoot trefoil " " &3 51
Bromegrass " " 43 37
Tmthy " " }h 37
W1
Red clover early bloom o L6
" " late " h9 k7
Timothy early " 38 38
" late " 34 27
!
Alfalfa early bloom Tt 52
" fﬂll ”" & 50
n post " 64 ,'"7
Bromegrass early " 51 51
" full " ko yh
" post " ko 3%
Sas :
Crested wheatgrass onfifctilized 36 30
" " fertilized s 29
Intermediate unfertilized 36 34
" " fertilized 33 2
Streambank " unfertilized 36 31
" " fertiliced 37 29
Russian wild ryegrass [unfertilized h§ 36
" " " fortilired ko 37
Reed canary grass unfertilized 26 29
Tall wheatgrass " 27 27
Alfalfa " 13 by

1 pata from Trial 5.



TABLE 13
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IN VIVO (N.V.I.) AND IN VITRO (12-HOUR CELLULOSE DIGESTION) COMPARISOMS

FOR FORAGES FED IN GROUND FORM.

W "
N.V.I. 12-hour
Forage Description (in vive) | in v
celluloss
_digestiep (%)

Macdonald Collgge

1957:

Red clover early bloom T1 h6

" " late " 60 k7

Timothy sarly " k7 38
" late " 43 27

1938:

Timothy sarly bloom i) k7
" h‘lf " 59 Sh
" ~ full " kg 27
" . Po.t 1] 56 23

Rad clover early " 79 55

Alfalfa - early " e 53

Alfalfa early bloom T0 52
1] full " 69 ?
" post " 66 7

Bromegrass early " 58 51
" full " 51 iy
" post " W7 35




TABLE 1k

REGRESSION OF N.V.I. (DETERMINED IN VIVO WITH CHOPPED AND GROUND FORAGES)
CELLULOCSE DIGESTION. TRIAL 7.

-

AND 12-HOUR IN VITRO

-
Y X Regression equation r Standard’
deviation
N.V.I. 12-hr. in vitro Y= -6.3 + 1.%0X 0.91%* 5.5
(chopped forage) cellulose digestion
N.V.I. 12-hr. ia vitro Y = 12.0 + 1.12X 0.8T#» 6.7
{ground forage) cellulose digestion

#* Highly significant (P=0.01)

1 Standard error of estimate or standard devl.ati.on of Y for fixed X.

€1t



NUTRITIVE VALUE INDEX (Y)

)
[

3
|

&
|

FED GROUND

W 1957 (Macdonald)

a 1958
v 1959

FED CHOPPED
o 1956 (Nacdomld)
o 1957 "
v 1959 "
S 1955 (Saskatchewan)

1
30 ko ' 50

IN VITRO CELLULOSE DIGESTION, 12 HOURS (X)

Pigure 17. mton of N.V.I. (determined in viwo with forages fed in the chopped

owd form) and 12-hour in vitro cellulose digestion (Trial 7).

uis!
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It'in of interest to note that tha extension in the number of
in vivo - ig yitxe comparisons, for forages fed in the chopped form,
from the original 9 observetions (Trial %) to the 26 reported in
this trial fully substantiated ﬁo highly significant correalation
previously ﬁtablilhod. The regression coefficient (b = 1.3)
remained wnchanged, with the newly determined regression line
essentially coinciding with the former one.

The Saskatchewan forages, representing various grasses frown
and harvested under prairie conditions, were found to be lower in
nutritive value than the artificially dehydrated legumes grown
under more humid conditions i{in Eaatern Canada. This contrast is
borune out in both the in vivo and ip vitro measurements, suggesting
that the in vitro test as described can be used to compare forages
of widely differing mutritive qualities.

Although mot parallel, the slope of the regression line for
the forages fed in the ground form deviated only slightly from that
representing the chopped farage's. Howaver, appropriate statistical
analysis showed these two regregsion coafficients to he hamogeneous
at a probability level of 1%. They were therefore pooled to give
a single weighted regression coefficient of 1.23%, with the ruultu;t
regression equations presented in Table 15, and illustrated in

Figure 18.



TABLE 15

REGRESSION OF N.V.I. (DETERMINED LN VIVO WITH CHOPPED AND GROUND
FORAGES) AND 12-HOUR IN VITRO CELLULOSE DIGESTION ASSUMING HOMO-
GENEITY OF REGRESSION COEFFICIENTS. TRIAL 7.

3
Physical form fed Regression equaticn
Chopped: Y= -3.5%+ 1.2X
Ground: Y=7.4 +1.2%

or

Y=-3.5+ 1.2 + 10.9

116

To 111ustrat‘:0 the possible use of the relationship between
chopped aﬁd ground forages, it would only be necessary to feed a
forage in one physical form in an jip vivo trial, and to estimate
the N.V.I. of the other form by adding or subtracting the factor
10.9. In the case where the N.V.I. is being predicted solely by
in vitro means, the predicted value can be expressed depending on
the physical form in which the forage is to be fed.

The results of this trial are in agreement with reports from
other workers that grinding causes 2 greater increase in mutritive
value of poorer quality !arlﬁ (basically by increasing voluntary
consumption). At a N.V.I. of 30 (chopped), an increase of 10.9
uaits on grinding is equal to 3%, while at a N.V.I. of 60
(chopped) tha percemt inerease on grinding is omnly 18.

Although the relationghip between 12-hour in yitro cellulose
digestion and the fn viyo N.V.I. of a forage fed in different
physical forms has been emphasized in this discussion, it should
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be potn&d out that the most important consideration is that early
in vigtro cellulose digestion (12 hours in the case of this study)
has been shown to rank forages according to & meaningful criterion
of mutritive value. In this respect the im yitro rumen fermentation
procedure could be used by agronomists interested in gelecting
nutritionally superior forage species or straing, as well as in
evaluating verious forage species wmixtures. The advantages of the
fn vitro procedurs, namaly the requirement for only a small sample
(5-10 grams), and the rapidity of results (1-2 days), indicate its
potential usefulness both to nutritionists and agronomists. The
above advantages notwithstanding, the most fmportant attribute of
this ip vitro technique i3 its clogse relatiomship to the total

digestibla emergy potential of a forage as determined in vivo.
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D. SUMMARY.

Section V. dealt with the éossibility' of using the previously
described in vitxo rumen fermsntation ayetcn‘to predict the nutritive
value of forages. In viwro cellulose digestibility coefficients of
forages of known mutritive value (as determined in vivo) vere
determined after various fermentation pariods. As a result of such
a study with O samples of forages which had been fed to sheep in the
chopped form, a highly significant (P=0.01) correlation was establighed
between early {5 vitro digestion (12 hours) and the in vivo K.V.I.

Hhcnvig vitro cellulose digestibility was determined for a
group of 4 of these forage ssmplas using inoculum obtained from a
steer fed a "low-protein" aital!a hay and compared to that obtained
in the original study where "high-protein" alfalfa hay was fed, a
significlht.¢oprossion was obgerved in digestion after 6 and 12 hours.
This depression appeared to be caused by an QVtrall lower lavel of
cellulolytic activity, vhiech uniformly affected all of the different
forage substrates. I; was postulated that such "low actinty"
inoculum might be as useful in predicting N.V.I.'s if a fermentation
period of longer than 12 hours m used.

In a concluding test, i vivo - ip vitro comparisons were wade
on & total of L2 forage samples to confirm if possible the accuracy
6! the N.V.I. prediction equation obtained from the original 9 sempari-
sons. The final collection of forage samples included 26 which had
been fed in the chopped form and 16 in the ground form. The statistical
results of the 26 comparisoms essentially duplicates the original fer
pvehstha fbownd.Pd and correlation coefficients (r = 0.91) obtained

for the original chopped forages. The regression coafficients for both
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the ground and}chopp.d hay comparisons were found to be homogenaous
(P=0.01) and justified calcwlation of a singie weightad average b
value, The resultant prediction equations with ¥ « N,V.I. and

X = 12-hour in vitro cellulose digestion, were as follows:

Chopped forages: Y = -3.5 + 1.23X

Ground forages: Y = 7.4 4+ 1.25X
or

-3.5 + 1.23X + 10.9

The last praediction equation illustrates the difference in N.V.1. due
to physical form fed, as it affects the position of the regression
lines.

The results described in this sectiom indicate that early
in vitro cellulose digestibility can ba used to accurately predict the

N.V.I. of a forage fed in either the chopped or ground form.
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VI. INTEGRATIMG DISCUSSION.

The ultimate object of this research was the development of
an ip vitro rumen fermemtation system which could be used to predict
the nutritive value of a forage. To successfully meet this require-
mant, an in vitro procedure would necessarily be accurate, raproducible,
rapid, and most important of all be highly correlated to soma concise

meagure of forage nutritive value as determined in vivo with some

ruminant species.

There were two main aspects of the experimental work. The
first was the establishment of an in vitro system characterized by
a high level of cellulolytic activity, using well-defined and easily
duplicated procedures. Thase studies, as described in Secti.on 1v,
;vere mainly concerned with the composition of the nutrient medium,
and the effect of different sources of rumen inoculum. Since the
type of ipn vigro system used in this study was based on the one
already developed by Bentlay and co-workers at the Ohio Agrécultural
Experiment Station, this aspect of the resesarch was essentially
confirmatory, and wovered only a small area of the potential questions
of technique that could arise. The use of an in vitro system vwhose
merit had already been demonstrated in ruminology studies was
deliberate {n that major emphasis could then be placed on the other
aspsct of this research - the development of an in vitro test for
predicting forage nutritive value.

The primary question in the first part of this rasearch was
an examination of the adequacy of the ip vitro nutrient medium to

support maximum cellulose digestion with either purified or forage
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cellulose sources. In a distinguished series of ip vitro studies,
Bentley and co-workers had demomstrated that maximm cellulolytic
activity could be achieved if aither valeric acid or a combination
of several amino acids replaced the heterogeneous rumen liquid in
the nutrient medium. In the present study it wag shoun that the
resuspended bacterial cell inoculum contributed a minimum amount of
nutrients to the medium as demomstrated by the low level of purified
cellulose digestion achieved on & basal wedium lacking valeric acid,
amine acids, or & source of rumen liquid factors. In contrast, the
;ddition of varying levels of thess substances to the medium Tesulted
in iocreases of 100 to 200% in celluloge digeation. Of all the
supplements added to the nutrient medium, none could achieve the total
cellulolytic activity demonstrated by an emzymatically prepared casein
hydrolysate. Since the addition of thig material to the Chio medium
(containing valeric acid) slightly increased the level of purified
cellulose digested in 30-hours, it was included in the complete
nutrient medium in subsequent forage studies.

Although tbe use of {inoculum prepared from fistulated steers
fed different supplies of alfalfa hay had no apparent effect on the
in vityo digestion of purified cellulose, this was not the case when
digestion of native forage cellulose was examined. Several of the
forages were shown to respond favorably to casein hydrolysate
supplementation when inoculum was prepared from an inoculum donor
steer fed a low protein alfalfa hay (13%,dry matter basis). However,
cellulose digastion of all forages appeared maximal - regardless of
suppleasmtation - whem & hijher protein alfalfa hay (16%, dry matter

basis) served as the inoculum donor"s feed. Since those forages
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wvhich responded to casein hydrolysate supplementation were low in
protein conteat, it was pestulated that this effect was due to lack
of soms nitrogemous substance(s) that was present either in the
forage substrate, inoculum prepared from the high protein alfalfa
source, or casein hydrolysate.

With the completion of the preliminary studies on in vitro
techniques, the evaluation of forage quality was undertaken. As a
result of these preliminary studies the ip vitro system was modified
for the forage studies 3o that the mutriemt medium contained casein
hydrolysate, with resuspended cell inoculwm prepared from the rumen
contents of a steer fed a high-protein alfalfa hay. The in vitro
forage studies were dependent upon the availability of samples of
forages of known nutritive value, as determined kp yhvo. In these
in vivo trials digestibility by sheep of the proximate principles
and snergy, as well as voluntary consumption of the forages had been
determinad. These observations formed the basis for the calculation
of N.V.1.'s for each of the foreges - this criterion of forage quality
being an expression of the total digestible energy potential of a
forage.

The initial study concerned the g vitro rate of forage
cellulose digestion, since it had been postulated that the Relative
Intake an@ thus N.V.I. of different férages was largely a consequence
of their ip yivo rate of cellulose degradation by ruminal micro-
organisms. This study, imvolving samples of 9 forages which had
been fad in the chopped form, revealed that there were characteristic
lag periods preceding the initiatiom of in vitro callulose digestiom.

These lag periods, which appeared to be of greater duration for
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timothy and bromegrass hay than for the leguminous species, were
raflected in the level of cellulose digested after 12 hours of
fermentation. Confirmatory statistical analyses showed that of all
the in vivo - in vitro cpmparisons, the highest correlation was
observed between the ip vivo R.V.I. and the 12-hour ip vitro
cellulose digestion, with a highly significant (P = 0.01)
coefficient of 0.91. This relationship suggests that the same
principle affecting fn vivo voluntary coensumption might be operative
in the in yitro system. The differentisl lag periods observed
between forages were suggested as being related to some chemicael
and/or physical characteristic of the forage affecting the
"attachment”" of the rumen bacteria to the substrate structure.

Another highly significant correlation (P = 0.01) of
importance was that observed between in vivo energy digestibility
and 2k-hour {n vitro cellulose digestion. This relationship
confirms that notad by other workers between the digasted energy
per unit of forage consumed and in vitrc cellulose or dry matter
digestion (generally) after 18 hours. This is of importance since
it demonstrates that by altering the length of fermentation periods,
different fn vivo - in vitro relationships can be determined using
the same in vitro system.

Rate of cellulose digestion was also determined for L of the
forages studied in the previous trial, but in this instance inoculum
prepared from the rumen contents of a steer fed the 'low-protein”
alfalfa hay wag used. When these results were compared to those
previocusly obtained for these forages, a highly significant (P = 0.01)

depression in cellulose digestion was noted after & and 12-hour
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fermentation periods, apparently due to lower protein inoculum gource.
This depression was interpreted as being caused by a reduced level of
cellulolytic activity due to deficiencies in number and/or type of
certain rumen bacteria. However the ranking of the 4 forages after
the 12-hour digestion period was similar regardless of inoculum

source. Since there are indications that in vitro systems used by

other workers are characterized by varying levels of cellulolytic
activity, it was suggested that standard forage samples, of pre-
determined N.V.I. might be exchanged between different laboratories
so that the optimum period for predicting the N.V.I., of test forages
could be determined for each system.

In order to confirm the original quantitative relationship
observed between the N.V.I. and 12-<hour cellulose digestion of a
forage, a series of in vivo - in vitro comparisons were made hetween
42 forage samples. These comparisons included a wide variety of
forage species, harvested at different stages of maturity, and fed
to sheep in the chopped and/or ground form. A 3-fold increase in
the numbar of forage samples fed in the chopped form did not
appreciably alter the original prediction equation - both the
.regregsion and correlation coefficients remained the same. The
increase in N.V.I. due to grinding as calculated by the in vivo -
in vitro comparisons was equal to 10.0 units. When the N.V.I.'s
for the chopped or ground forages were compared to the in vitro
data the regression coefficients were found to be homogeneous
(P=0.01). For this reason they were pooled to give a single value

(b = 1.23).
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The rasults of this research lead to the conclusion that the
total digestible energy potentfal (N.V.I.) of a forage fed in either
the chopped or ground form can be predicted from in vitro cellulose
digestibility data. If the in vitro system used for forage evaluation
is characterized by easily duplicated procedures with a controlled
source of rumen microorganism inoculum, 2 high degree of precision

and accuracy is obtainable.
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VII. CONCLUSIONS

From the results obtained using the in vitro system and

procedures describaed in this thesis, the following conclusions

have been drawn:

1.

The supplementation of the nutri{ent madium with casein

hydrolysate resulted in & higher level of in vitro digestiom
(P = 0.01) of a purified cellulose substrate than was
achieved by the addition of either valeric acid or an anino

acid mixture (leucine, isoleucine, valine, and prolins).

., The addition of more than 15 mg. of valeric acid per

fermentation tube did not result in any further increase in
the in vitro digcssion of a purified cellulose substrate.
Incressing the amount of supplementary amino acid mixture
from 12 to 1} mg. per fermentation tube resulted in a highly

significant depression (P = 0.0l1) in cellulose digestion.

With & purified cellulose substrate, no differences in
cellulose digestion due to inoculwm source (inoculum prepared
from donor steer fed either "high" or 'low" protein alfalfa
hay) were noted when either valeric acid, casein hydrolysats,

or an amiuo acid wmixture was added to the basal medium.

With native forage éclluloao substrates, several of the

forages tested responded significantly (P = 0.01) to casein
hydrolysate supplemsntation. This observed imcrease in
cellulose digestion occurred when "low" protein alfalfa hay

was fad to the inoculum domor steer. When inoculum was obtained



from a donor steer fed "high" protein alfalfas hay, cellulose
digestion for all forages appeared meximal, regardless of

supplementation.

When samples of 9 forages (%5-19%6; 4-1957 harvest) which had
been fad in the chopped form were studied, their digestible
energy potential (as measured in vivo by the N.V.I.) was found
to be highly correlated (r = 0.91) with their 12-hour in vitre

callulose digestibility.

The energy digestibility (as determined in vivo) of the same
9 Swrsges was found to be highly correlated (r = 0,.87) with

their 2h-hour in vitro cellulosa digestibility.

When four 1957 forages were tested using inoculum obtained from

a steer fed a "low" protein alfalfa hay, a significant depression

(P = 0.01) was observed in in vigro cellulose digestion when the
results were coupaf.d to those obtained when a "high protein
source’ inoculum was used. This depression, noted particularly
after the 6- and 12-hour fermentation periods, appeared to be
caused by an overell lower level of cellulolytic activity, which
uniformly affected all of the different forege substrates. At
the 12-hour fermentation period, forages were ranked in the same

relative order regardless of inoculum source.

An increase in the oumber of comparisons between the in vivo
N.V.I. and 12-hour in vitro cellulose digestibility, to a total
of 26 forages fed im the chopped form, resulted in identical
regression (b = 1.3) and correlation (r = 0.91) coafficients to

those originally observed with 9 comparisons.



9.

10.

When samples of 16 forages which had been fed in the ground
, form were studied, their in yive N.V.I. and 12-hour in vjtro
cellulose digestibility were found to be highly correlated

(r = 0.87). The regression coefficients obtained with forages
fed either chopped or ground ware found to be homogeneous

(P = 0.01), thus justifying the calculation of a single

weighted average coefficient.

Based on the homogeneity of these regression coefficients, the
following prediction equaticns, with Y = N.V.I, and X = 12-hour
in vitro cellulose digestibility, were calculated:
Chopped forages: Y = -3.,5 + 1,23X
Ground forages: Y = 7.k + 1,23X
or

Y= -3.5 4+ 1.25X + 10.9.
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APPENDIX TABLE la.

Individual cellulose digestibility determinatiomns, Trial 1.

Supplements:

Anount added per fermentation tube

valeric acid (mg.) - 0 0 2.5 5 2.5 o 2.5 0
casein hydrolysate E-g.) 0 0 0 0 0 0 50 50
amino acid mixture (mg.) 0 0 0] 0 0 12 12 0
supernatant (ml.) 0 5 0 0 5 ) 0 0
N 36 57 68 7T 76 8  Th Bk
Run 19 ( 24 June, 1958) 37 k7 69 1 78 9 70 83
Inoculum donor steer A, fed mixed o) 51 66 - 71 ™ 7 ™ 83
hay (1) 31 s% 70 »___16 T6___7h 80
Average > I - B 16 I b) 67
12 52 % ™ Th 6 8 %
Run 20( 30 June, 1958) 12 54 65 ™ Th ™ 8 83
Inoculum donor steer A, fed mixed 12 s 68 71 i) 6 8% 84
hay (1) 10 56 66 T2 11 79 86 81
Average sh 66 - b 1L 8h 83 &
;% 60 79 85 ok v T8 81
Run 21 ( 3 July, 1958) 34 5% 1 8 8 T 8 81
Inoculum donor steer B, fed mixed 35 .~ Th 81 8y 8 80 81
hay (1) 29 61 11 8 8h 80 T9 82
Average 3h 61 76 85 & o 19 81 72
‘ Trial average 21 56 70 16 8 . 19 - B2




APPERDIX TABLE 1b.

Individual cellulose digestibility determimations, Trial 2.

Supplements:

Forage fed
inoculum donor valeric acid (mg. ) 0 0 20 15 0 0
steer casein hydrolysate (L;i 0 g 0 0 0 %50 100
auino acid mixture . ) 2 12 0 0 0 0
11 ok 69 18 80 85 89
" low-protein’ Rym 25 (24 July,1958) 13 63 66 T6 T7 8 86
Steer B 12 61 60 76 is) 84 87
alfalfa hay 18 65 69 yud 11 86 87
Average | 14 63 66 i TI 8h 87 67
18 70 6] 90 87 ) 97
(No.2) Run 26 (29 July, 19583) 17 T0 T2 91 90 o 97
Stear A 18 T 8 R 91 96 97
18 71 8 91 . 91 5 97
Average |18 71 (1 B ) S L 11
+ 26 A K 1 90
= 2 el DR
"high-protéin” Ban 71 ( 7 July, 1959) 16 T 80 8k 82 R 9
Stesr A 17 T 9 83 85 93 9
alfalfa hay 16 Th T1 % 8k 93 94
Aversge | 17 76 19 & 93 ok ™
{No.3) 16 59 T0 80 8h 90 90
RBm 73 (25 Avg,,1959) 14 57 67 17 81 a8 90
Steer A 18 58 63 85 90 91
66 : 0 .

17
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APPEMETIX TABLE lc. Individual cellulogse digestibility determinatioms,

Trial 3.
1 t t r f ta tube
s::!{e:.t:nn:;d (wg.) 15 30 1% 15 |
e .) 0 0 100 50
Run 32 (26 Ang., 1958) 93 96 96 97
Steex A, fed slfalfe hay (2) o4 ”) 96 _96
Average .} 96 96 97 |95
Byn 34 (30 Sept., 1958) 90 89 90 92
Steer A, fed alfalfa hay (2) 86 & 2 92
Average 88 87 0 2 89
Bgn 36 (15 Oct., 1958) 96 98 99 )
Steex B, fed ajfalfs hay (2) 97 B 100 99
Avgrage 97 98 100 9% | 98

Trial average _ 93 ok 5] 96



APPENDIX TABLE 1d.

Indtvidual cellulose digestibility detecmimations, Trial L.

Fovage .1od Hutrient Feramsntation )
inoculum dounor madime : wn Alfalfa Red Clover B.Trefoil Brome g.
stoex ' Q) () (3) (8)  (5)
31 (20 Aug.,1958) 55 5T p s 56 S
Steex A v gg £ __5h oh
Contyxol o]
"low-protein" m 32 Mog.,1958) % 56 5k Sh —g
_Steer B 57 75 B ® 53
alfalfs hay - __Tﬁ&__ﬂ W-—%—-
Average
(2) 31 55 57 60 61 61
===
+ 56 = _
3 56 50 61 1
Casein 57
FWOL Avernge X gL
Stear A h gé § 5
' A
Control 70 (2 July, 1959) % 63 gl
"high- protein’ Steer A % 61 _ 3
2 -
alfalfa hay Im ' g gE
3L 58 : 73
(3) + =6 27 g 61 g;
Average 57 1
Casedin 10 57 [ & % (29
hydrol. 6% 63 a2 Gh
A [
Verage

A%
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APPENDIX TABLE le. Individual cellulose digestibility determinations
at various fermentation times, Trial 5,

— — .- —— e . = e §
Fermantation time (hours
3 6 12 24 48
Substrate
19%6:
(1) Alfalfa 8 28 L7 o 5l
11 25 ks 54 56
L 22, 37 Sﬁ 57
29 T 5 55
Average g 26 L7 54 56
(2) Red clover 7 24 8% 63 61
13 26 51 65 63
w7 8 ¢
Average % — 28 55 :é“ 63
(3) Birdsfoot 11 26 55 60 61
trefoil L 18 50 62 60
4 18 ko 60 6k
5 26 %0 =8 62
Average |6 2 51 60 62
(k) Bromegrass 0 15 36 55 .67
¢ 5 33 58 67
0 L ag 54 67
% % &
Average 0 37 5
(%) Timothy 0 11 37 60 63
1 0 38 5% 66
0 8 ;g 51 67
o) 37
Average 0 % 31 56 _ )




APPEMDIX TABLE le (contimued).

vi

— e i | et o ¢ oy % 2 e e e e e — g i e e e e = —
Permantation time (hours)
3 "6 12 2k k8
Substrate
19?7:
(8) Red clover N 18 kg 51 %59
early bloom b 30 k6 50 60
0 14 50 56 58
3 18 ko b 5%
Average 4 20 7S 5% 58
(7) Red clover 9 26 L6 57 59
late bloom s 31 k8 k9 61
0 18 ko "o 59
3 2k bds =l 57
Average | 4 25 b7 3% %9
(8) Timothy 3 5 39 57 64
early bloom 0 8 32 %9 65
0 13 41 57 62
0 17 38 56 59
Average | 1 11 38 57 63
(9) Timothy 0 5 33 48 5k
late bloom 5 1 30 L8 52
0 2 19 R 55
0 13 25 53
_Average 1 5 27 46 54
Solka Floc 0 3 ko 92 100
(purified 0 5 32 89 100
callulose) 1 1 34 % 100
0 L ho 20 100
4 2 26 o1 99
0 3 35 93 99
0] 0 41 95 99
0 1 Iy 96 100
Average 1 2 b X 9 100




vit

APPENDIX TABLE 2a. Analysis of variance of purified cellulose
digestion, Trial 1.

Source of variation d.f. variance F
All causes 95
Between subgroups: 23
Treatments 7 4219 1172%%
Fermantation runs 2 3935 109%+
T xF 1k 121 Bl
Remainder 72 3.6
## Highly significant (P=.0l). Coefficient of variability = %.3%

L.S.R. (0.01) = 2.1 to 2.3 (for p = 2 to 8, n = 12),
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APPENDIX TABLE 2b. Analysis of variance of purified cellulose
digestion, Trial 2.

e e ]

Source of variation d.f. variance F
All causes 111
Between subgroups: 27
Treatments 6 11,151 3,261 %%
Fermentation runs . I 585 171%%
TXPF 18 39 L1 #%
Remainder 84 3.k
(S.D.-l.g)
#% Highly significant (P=0.01) Coefficient of variability = 2.6%

L.S.B., (0.01) = 1.7 to 1.9 (for p = 2 to 7, n = 16).

APPENDIX TABLE 2¢, Analysis of variance of purfied cellulose
digestion, Trial 3,

e e e e e — ——————— —— ——_ -}

Source of variation d.f. variance F
All causes _ 23
Betwaen subgroups: 11
Treatments 3 12.7 i L
Fermentation runs 2 169 106 *#
TXPF. 6 2 1.3
Remainder 12 1.6

(s.p. = 1.3)

##lighly significant (P=0.01) Coefficient of variability = 1.4%

L.SR. (0.01) @ 2.2 to 2.4 (for p=2 to &k, n = 6).
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APPENDIX TABLE 2d. Analysis of variance of native forage
cellulose digestion, Trial &,

TR

Source of variation d.f. variance F
All causes 79
Between subgroups: - 39
Porages 4 33 L, gus
Runs 3 103 1% . Lhaex
Supplement (casein hydrol.) | 1 97 14, 5
Interactions:
FXR 12 8.9 1.3
FxS L 20 3.0%
RXS 3 30 L, 5ux
FXRXS 12 6.1 >1
Remainder 4o 6.7
(s.D. = 2.6)
* Significant (P=0.05) Coefficient of variability = L4.h%

#* Highly significant (P=0.01)

L.S.R. (0.01) = 5.0 (for p = 2, n=b),



APPENDIX TAhLE 2e. Analysis of variance of native forage
cellulose digestion, Trial 6.

Source of variation d.f. variance F
All causes 126
Between subgroupi 31
Forages 3 1057 564%
Time 3 13,036 . 689%
Inoculum 1 1047 5% %+
Interactions:
FxT 9 164 8.6%*
Fx1I 3 3.7 >1
Tx1 3 46 2.4
FPXTx1I 9 1k o1
Remainder 05 19.0
(s.D = 4.4)
## Highly significant (P=0.01) Coefficient of mariability = 11.44%

L.S.R. (0.05) = 6.2 (for p=2, n=}k)

(0.01) = 8.1 (for p =2, n = L),



APPENDIX TABLE 3a. Some chemical constitueats of forages fed to inoculum domor seser.

(expressed as percemt of dry matter)

Year Protein Cellulose N.FP.E. Ether KEsh Gross

No. Porage harvested (¥ x 6.25) Extract Ene
Cnlrjyg.

(1) Mixed hay 1957 15.9 35.3 7.3 2.0 9.5 b L7
(2)- Alfalfa hay 1958 13.4 36.1 41.5 1.6 7.h 4 ko
(3) Alfalfa hay 1958 16.1 36.0 38.9 1.3 7.7 b W
(4) Alfalfa hay 1959 20.8 32.0 36.5 1.3 9.4 4.53

X



xii

APPENDIX TABLZ 3b. Some chemical constitusnts of forage substrates.

(exprassed as percent of dry matter)
. Protein Cellulose Gross
No. Substrate (N x 6.2%) Energy
(Cals/gm.)

19%6:
(1) Alfalfa 17.6 36.0 4,52
(2) Red Clover _ 15.9 29.7 bkl
(3) Birdsfoot trefoil 1.7 35.4 k. 62
(4) Bromegrass 9.0 3.0 © k.51
(5) Timothy 7.2 35.9 L.us

1957
(6) Red clover, early | 15.6 33.0 . 4,33
() ", late 17.2 33.9 k.41
(8) Timethy, early 8.0 3,7 4.37
(9) ", late _ 6.8 32.6 4.29




