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SYNOPSIS

Part I. Experiments on the Value of in vitro

Studies, and on the Decomposition of

Carbohydrate by Rumen lLiquid

Most of the work described in the present
thesis involved incubating rumen contents in the
laboratory under conditions which were designed to
resemble those existing in the normal rumen. Before
adopting this technique, however, it was important to
determine whether the changes which took place in the
1ncub§ting material in vitro were similar to those

which are known to occur in vivo. To obtain

- Informatlion on this matter the decomposition of
=car‘bohydrate during in vitro incubation was studied.
It was shown that the amounts of volatile fatty acids,
‘1act1c acid, carbon dioxide and methane produced from
%maltose in the laboratory were comparable to the
i&mounts produced in vivo. It may be concluded,
‘therefore, that the nitrogen changes which invariaoly
*accompany these carbohydrate changes in vitro also
1occur in vivo.
i Of the maltose decomposed during incubation,
'81-90% was accounted for by the production of
?bacterial protein, bacterial polysaccharide, carbon
dioxide, methane, lactic acid and volatile fatty acids,

The remaining 10-19% may be accounted for partly by




the fact that volatile fatty acids were calculated as
acetic acid whereas almost certainly proplonic and
butyric acids also occurred, ahd partly by the
production in small amounts of substances not so far

ldentified.

Part II. The Preparation of a dried Sample of

Rumen Bacteris and the Blological

Value of its Protein |

The results of many feeding trials and
in vitro studles described in the literature have
suggested that non-protein nitrogen (N.P.N.) may be
converted to microblial protein in the rumen and that
this protein becomes available to the ruminating
animal. To determine the biological value of this
microbial protein it was decided to prepare a sample |
of dried rumen bacteria sufficient in amount to enable
feeding tests to be msde with rats. Approximately |
460 g. of dried rumen bacteria were prepared and
analysed. The preparation contained 44% protein, of
which about two-fifths was synthesised from N.P.N.
during incubation. Microscopical and chemical
examination of the material suggested that
contamination by fibre and protein from feedingstuffs
was very slight.

When fed to rats at a level of 8% of the diet

the biological value of the protein was 88.2% and the
digestibility 73.2%. ' !

Work similar to that described for rumen



bacterla has been begun with rumen protozoa.

Part III. The Effect of Animal Management

Factors on the Synthesising Power

of Rumen Liquld in vitro

The synthesislng power of rumen liquid as
judged by the decrease in N.P.N., which occurs on
incubating the liquid with added carbohydrate under
controlled conditions in the laboratory varies
considerably from time to time. Attempts have been
made to relate these variations to differences in
protein or N.P.N. content of the rumen liquid when the
animal was fed different diets. However, apart from
the finding that the protein and N.P.N. levels and the
amount of synthesis were all hisher when the animals
were at pasture than when they were stall-fed there
appeared to be no definite relationshin between the
diet, the naturally occurring level of N.P.N. or
protein in the rumen liquid and the amount of synthesisg,
An apparent increase in protein synthesis was detected
when ures was added to rumen liquid, but further work
is required to determine whether the increase was real,
The effect of the time of sampling on synthesils was
also investigated, and it was shown conclusively that
maximum s ynthesis occurred in vitro, in samples which
had been removed from the rumen approximately one hour

after the animal had been fed,




Part IV. The Effect of Aeration and of the

Nature of the Carbohydrate present

on the Amount of Protein Synthesis

occurring in vitro

The effect of some factors which may be
controlled in the laboratory, on the amount of
synthesis occurring in vitro was investigated. It was
shown that incubation of rumen liquid in a flask
aerated with air, oxygen, nitrogen or carbon dloxlde
did not result in better synthesis than incubation in
a flask loosely stoppered and sub¥yected to occasional
gentle ggitation. Aeration with air or oxygen
actually depressed synthesis.

The effect of adding different substances as
%sources of energy for the bacteria was also
éinvestigated. Of the sugars tested only sorbose,
‘whichk may have contained some toxic impurity, and the
D (=) isomer of arabinose were of no value. Those
which could be utilized were starch, inulin,
raffinose, maltose, fructose, glucose, mannose, L (+)
arabinose and D (+) xylose. Glucose -1-PO4 was found
to be a ready source of energy. Compounds such as
ialginic aclid, glucosamine, gluconic acid, glucuronic
éacid, saccharic acid, mannitol and sorbitol were not
;utilized, nor were acetic, butyric, succinic and

‘several other organic acids,

Preliminary experiments with D (+) xylose and

L (-) arabinose showed that fermentation of these sugarg

resulted in production of the same amount of volatile



fatty acids as fermentation of maltose, but that the
amount of lactic acid produced was exceedingly small.
The amount of fermented pentose unaccounted for by the
various end-products studied was 26% as compared with

10-19% for maltose.

Part V. The Effect of certaln Metals on the

Amount of Protein Synthesis obtained

in vitro

Cobalt and copper, or ferric salts containing
cobalt or coppef may be supplied to rumlnants to
control deficlency diseases such as swayback, pining
and falling disease., Molybdenum occuring in abnor-
mally high concentration in pastures causes |
digestive disturbances. The effect of varilous
concentrations of cobalt, copper, lron and molybdenum
on the amount of protein synthesls occurrling in vitro
was, therefore, determined. Lead was also tested.,
The results show that copper has the most powerful
inhibitory effect on protein synthesis, but the amount
required to produce the inhibition is gsbove that
normally administered. Similarly cobalt was only
toxic In concentrations far sbove what would normally
be taken by cattle. Molybdenum was less toxic than‘
cobalt or copper. The possibility of iron or lead
affecting the rumen organisms under practical i

conditions is extremely slight.




Part VI. Experiments with "Coated" Urea

In an attempt to find a means of retarding
the rate at which urea dissolves in rumen liquld so
that it might be liberated slowly into the rumen
contents throughout the day instead of immediately
after feeding, some samples of urea coated with
varlous proportions of starch and with stearic acild
and cellulose acetate were prepared by Imperilal
Chemical Industries Ltd. The rate at which the
rumen liquid extracted urea from these compounds
end converted 1t to ammonia was studied. Similar
tests were made with feedingstuff cubes containing
urea. It was found that urea was extrgcted
completely from all the coated samples and alsq from
the feedingstuff cubes within 20 minutes, and that
the coated samples had no advantage over ures

incorporated in feedingstuff cubes.




GENERAL INTRODUCTION

The importance of ruminants as converters of
fibrous feedingstuffs to meat, milk and wool is due
largely to their ability to digest cellulose more
efficlently than other anlmals. They are able to
extract from the cellulosic structures of the
feedingstuffs much of the protein and other nutrients
which they contain. Much of the research work carried
out during the past fifty years on ruminant metabolism
has therefore been concerned with the digestion of
cellulose in the rumen. As a result of these and
other studies the rumen can now be regarded as a large|
fermentation "vat" in which the cellulose and other
carbohydrates are fermented by the prolific microflora
normally présent. It is also now realized that the
microorganisms of the rumen not only bresk down some of
the more complex carbohydrate components of feeding-
stuffs but also bulld up substances of great value to
the host animal such as vitamins and proteins.

The whole sub ject of rumen metabolism was
reviewed recently in considerable detail by Baker,
Harriss, Phillipson, McNaught, Smith, Kon and Porter
(1947-8). Two of these authors dealt with the
decomposition of structural cellulose, two with

nitrogen metabolism, one with the metabolism of fatty

aclds and two with vitamin synthesis. Earlier less

'detalled reviews have been published by Goss (1942-3),

' Hastings (1944), McAnally and Philllipson (1944) and




Owen (1941; 1947). The mechanical importance of
rumination has been dealt with by Schalk and Amadon
(1928).

Since the present thesis 1s concerned
primerily with nitrogen metebolism in the rumen and
particularly with the utilizatioﬁ'of noneprotein
nitrogen, it will be necessary to consider here some
of the earlier work on this particular aspect of the
subject. Once 1t was reagalized that a considerable
portion of the nltrogen of plants was present in the
form of non-protein nitrogenous compounds, such as
amino-aclds, amides, and ammonium salts, the question
naturally arose as to whether these non-protein
nitrogenous compounds hed any mutritive value,
Towards the end of last century many experiments were
made by German workers with a view to answering this
question. Simple nitrogenous compounds such as |
ammonium salts, asparagine, glycine, and urea were
used to replace part of the protein in rations for
various types of animals, and the effect on nitrogen
retention, live-weight or milk production noted. With
non-ruminating animals no utilization of N.P.N. could
be detécted, whereas with ruminents, although results
were conflicting, some workers claimed that N.P.N. had
a protein-sparing effect, To explain this effect

Zuntz (1891) and Hagemann (1891) were the first to put

forward the hypothesis that amide nitrogen might be
assimilated by the rumen microorganisms, the resulting!
r
microbial protein becoming available to the host animai




when the organisms were digested further along the
alimentary tract.

The early German work on the utilization of
"amides" was reviewed by Armsby (1911) and Mitchell
and Hamilton (1929) and more recently by Krebs (1937).
From his survey of the literature Armsby concluded
that under certain conditions amides might be of some
nutritive value but under no circumstances could they
be utilized to the same extent as protein. Even
eighteen years later Mitchell and Hamllton csme to the
conclusion that the case for N.,P.N. utilization
required further proof. After a further eight years

Krebs came to a similar conclusion and maintsined that

sufficlent evidence had not been produced to show that

over a long perlod a growing ruminant could make
satlsfacbory live~-weight increases on a ration which :
was deficient in protein but which was supplemented
with N.P.N., Krebs tended to attribute any favourable
effect which feeding N.P.N. appeared to have on milk
yleld to a "diminution of digestive depression" and
not to the formation of protein in the rumen,

By 1937, therefore, the Zuntz-Hggemann protein
substitution theory had gailned 1little ground. Benesch,

however, reviewing the situation in 1941 indicated that

as a result of several feeding trials made in Germany,

urea nitrogen had been allotted a value equal to half

that of protein nitrogen. At that time it was known

;that at least four urea preparations for cattle-feeding

{ !
~were being mamifactured in Germany. Since then it has
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been reported that these preparations were used with a
fair amount of success durling the earlier years of the

recent war. The posslbllity of using N.P.N. compounds

to alleviate protein shortages was examined also in
other Continental countries. Steensberg (1947) |
reported that in Denmark urea-feeding trials with

lactating cows were disappointing and consequéntly the
use of urea was abandoned. He did, however, point 1

out that the normal Danish feed ration contains beet

in such considerable amounts that it was probable that
the animals were recelving as much N.P.N. as they |
could utilize without addition of urea. Breirem (1947)
reported that in Norway, feeding trials had indicated ;
that urea, when added to a low protein ration, could %
be titilized for milk production, but urea feeding was
not used in practice. Brouwer (1947) stated that in
Hollend, urea and armonium lactate had been tested as

protein substitutes and had been found to possess less

than half the value of their nitrogen equivalent of ,
protein for growth and milk production. Consequently ]
the use of these N.P,N. compounds in Holland was only |
recommended for times of extreme protein shortage such
a8 did not occur even during the war years,

In Britain, Owen, Smith and Wright (1943)
conducted metabolism trials with lactating cows, in ’

which bloodmeal and urea were compareé gs sources of

nitrogen for milk production. It was found that the |
‘ |
|

average efficiency of utilization of the urea nitrogen

varied greatly for different animals but that 1t
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averaged 75% of that of the bloodmeal nitrogen.
Feeding trials were also conducted by Bartlett and
Cotton (1938) in which urea was found to have g
favourable effect on the growth of heifers when added
to a low protein ration. In a later experiment,
however, Bartlett and Blaxter (1947) did not find urea
to be of value for milk production.

In America several well controlled metabolism
trials showed that urea nitrogen was certainly of
value for maintenance and growth (Harris: and Mitchell
1941 1, 2; Johnson, Hamilton, Mitchell and Robinson,
1942; Harriss. Work and Henke, 1943). The value of
urea for growth and milk production was also

establlshed by extensive feeding trials not involving

1939; Mills, Lerdinois, Rupel and Hart 1944; Rupel,
Bohstedt and Hart 1943; Archibald, 1943; Willett,
Henke and Maruyama, 1946). Efficiency of utilization |
was not as high as that of protein nitrogen but it was
sufficiently higsh to warrant the marketing of a ureg-
feed compound in the United States for use in regions
where carbohydrate is plentiful and protein scarce.,
Although the theory of N.P.N. utilization by
ruminants gained much ground as g result of these
feeding experiments, it was obvious that further work

of a more fundamental nature was required to obtgin

metgbolism studies, (Hart, Bohstedt, Deobald and Wegner

19

R

a clearer understanding of the actual mechanism of

| |
, ‘
i utilization, particularly when it is realized that the%

‘non-protein nitrogen naturally present in many typical
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feedingstuffs forms quite a significant proportiocn of |
the total digestible nitrogen. In grass for example
1t may form 25%, and in grass silage as much as 50% of%
the digestible nitrogen. Information on three main |
points was essential. First, it was necessary to
determine whether protein synthesis did ;n fact occur
in the rumen and if so, to determine the factors
controlling it. Secondly, if protein were found to be
synthesised it would be necessary to determine its
nutritive value. Thirdly, if it were synthesised

the amount of protein becoming available to the ruminant

in this way would have to be estimated,

To obtain information on the first of these

points, a series of experiments was made at Wisconsln

(Wegner, Booth, Bohstedt and Hart, 1940, 1941, 1, 2;

Mills, Booth, Bohstedt and Hart, 1942; Mills,
Iardinois, Rupel and Hart, 1944). Proteln synthesis
was first demonstrated by inoculating synthetic media
containing uréa or ammonium bicarbonate with rumen |

|
t

liquid. ZLater experiments were made with a fistula !

heifer which was fed rations with and without added .

urea. By analysing the rumen contents at various time;
throughout the day, these authors claimed to show (1)%
that protein synthesis from urea definitely occurred }
within 4~6 hours of feeding, (2) that protein synﬁhesié
from W.P.N. was depressed when the true protein of theg

rations belng fed was above 18%, (3) that protein

synthesis was greatest when urea was added to a grain i
|
mixture low in protein and (4) that an adequate supply



1of carbohydrate, preferably in the form of starch mst ]
§‘De present for protein synthesis to occur.

| Experiments on the mechanism of N.P.N. i
wtilization have also been made at the Hannah Instituteij
by Pearson and Smith (1943, 1, 2, 3) and Smith and
Baker (1944). Prelimlnary experiments by Pearson and |
'Smith emphasised the difficulties besetting experiments;;
of the in vivo type made by Hart which have just been }
‘cited, and led them to the conclusion that valuable ‘}
information might be obtained by incubating rumen
contents in vitro under conditions as similar as ‘
possible to those in the rumen. 3y this technlque ‘

' they showed that when rumen liquid was incubated with

urea and carbohydrate, considerable protein synthesis

resulted within 4-6 hours. Collaborative experiments

by Smith and Baker (1944) showed that the qualitative
nature of the bacterial population did not change
wwithin these few hours, and by direct counts made in %
'samples of the rumen ligquid from these incubations they;
‘showed that protein synthesis was accompanied by marked
proliferation of lodophillic bacterla. Furthermore, they
showed that proteln synthesis ami hydrolysis normally h
occurred simultaneously in rumen liguid. In the
absence of sufficlent carbohydrate to satisfy energy w

| \
requirements, or if the protein present was very soluble

Ein water, protein hydrolysis predominated over protein |

synthesis.

The necesslity of knowing the nutritive value of

rumen bacterial protein in assessing the importance to
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the host animal of protein synthesised from N.P.N, has
1ong been recognised. More than forty years ago Miller
(1906) attempted to obtain an estimate of the nutritive
value of baéterial protein isolated from rumen contents.
He found in one feeding trial that nitrogen retention
on a ration containing the bacterial protein was
similar to that on rations containing albumin and
casein, More recently Usuelll and Fiorini (1938)
compared growth of chicks on rations containing
bacteria, protozoa ami also the dried feedingstuff
residues isolated from rumen contents. Growth was
greatést in the ration contalning protozoa and least in
thet containing the feedingstuff residues. Johnson, %
Hamilton, Robinson and Garey (1944) estimated the
blological value of the protein of rumen protozoa and
bacteria. Only enough of the preparations were l
available to feed to two or three rats, and the wvalues
found for the Individual rats differed so widely
amongst themselves that btbviously a more exact
extimate of the nutritive value was required.

The problem of estimating the amount of
bacterial protein becoming available to the ruminant
is fraught with difficulties. Kohler (1940) from the
difference between bacterial counts in rumen and
intestinal contents, concluded that only sbout 23 e
might become available daily. Johnson et al. (1944)
on the other hand suggested that with rations

containing up to 12% of crude protein all the dietary

;nitrogen whether protein or N.P.N. 1s converted to
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microbial protein in the rumen. From the rate of
protein synthesis in vitro found by Pearson and Smith
(1943, 3) it can be calculated that during the two
periodé of vigorous fermentation in the rumen following
ingestion of food appreximately 150 g. bacterial
protein might be synthesised. Thus estimates of the
amounts of microbial protein becoming available have
varied from the negligible amount of 23 g. per day to
emounts sufficient to cover the animal's total protein
requirements. Elsden (1945-46) rightly maintalns that
no reliable estimate will be made untll the surglecal
problem of meking a satisfgctory fistula between the
gbomasum and duodenum has been solved.

The work to be described in the present thesils
is largely an extension of the work of Pearson armd
Smith (1943, 1, 2, 3) and of Smith and Baker (1944).
Use was made of‘their technique of incubating rumen

contents in vitro, to study some of the factors

controlling protein synthesis in the rumen. Before
proceeding to these investigations, however, it was
necessary to obtain some evidence that the vigorous
fermentation which occurs when rumen liquid is
incubated in vitro with maltose, and which is always
accajpanied by protein synthesis, is characteristic of
fermentation in the intact rumen. A study was mgde,

therefore, of the decomposition of maltose during

in vitro incubation of rumen liquid to determine whether

the breakdown products were similar to those arising |

' from decomposition of carbohydrate in vivo. At the
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|
)
|
i
|

seme time the opportunity was taken of determining how
mch of the maltose decomposed in typlcal incubatlons
could be accounted for by the formation of the various
end=-products which are known to result from
fermentation in the rumen, (Part I). The incubation
technique was then used to prepare a relatively large
quantity of dried rumen bacteria for the determination
of the blological value of the bacterial protein,
(Part II). Since the amount of protein synthesis
occurring in vitro in a given volume of rumen liquid
was found to vary considerably from time to time, an |
attempt was made to determine whether these variations
might be attributed to differences in the composition
of the rumen liquid caused by changes in the diet of
the animal, (Part III). One of the most important
factors affecting protein synthesis was the presence
of a sultable source of energy. Several substances
were, therefore, tested to determine whether the rumen
bacteria could utilize them, and this led to a study
of the decomposition of pentose in rumen liquid, (Part
IV). Since metals such as copper, iron, cobalt and
molybdenum may be given to ruminants in the treatment
of certaln deficiency disegses the effect on the amount
of protein synthesis occurring in vitro when various
concentrationé of these metals were added to rumen
liquid was investigated. Lead was also tested,

(Part V). Finally, one of the factors which may

| diminish the utilization of N.P.N. 1n the rumen may bei

!

' the rgpidity with which 1t dissolves in the rumen
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liguid and leaves from the rumen elther by absorption

br by passing further along the alimentary tract.

It was suggexted that the rate at which urea
dissolved might be retarded by coating 1t with
starch or other substances. A number of solubllity
tests were, thereofore, made with samples of coated

urea using rumen liquid as the solute, (Part VI).
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METHODS

Incubation Tecimique

Material for incubation was obtalined from
two animals, a steer and a cow, each with a large
permanent rumen fistula. The method of closing the
fistula has been described in detail by Watts (1948),
and provides an efficlent means of ensuring that the
rumen contents are not subjected to aeroblc rather
then anserobic conditions except durling the short time]
necessary to remove samples. Plates 1 and 2 show the
steser with the fistula closed, and plate 3, the same |
animal with ﬁhe fistula opened and rumen contents
being removed. The material was removed by means of
an aluminium cup and transferred to a flask which was
contgined in a bucket of sawdust to minimise heat
losses. Plate 4 shows four fractions of rumen contents
such as can readily be obtained at any one time from
the rumen. The solld fraction is found mainly on the
surface of the Iingesta and the liquid at the bottom.
Seml-solid materlal such as that shown in the third
bottle from the left, was the type taken from the
rumen for the present experiments.

"Rumgn liquid" for incubation was prepared
from the ingesta by straining the sample through

muslin to remove the coarser vegetable particles which

3 if allowed to remain, caused difficulty later in
sampling the material for chemical analysis. This

ligquid was rich in protozoa and bgcteria and contained
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finely divided vegetable matter. For many of the
experiments this strained liquid was used, but for
others the liquid was cleared of protozoa and small
vegetable particles by centrifuging 1t for 5 minutes
at 2,000 r.p.m. (centrifugal force equivalent to
approximately 800 x g.). This procedure 1nevitab1y
removed a proportion of the larger bacteria, but
since they constitute a relatively small proportion
of the total bacterilal population (Smith and Bgker,
1944) their partial removal was not lmportant. Any
solld material held on the surface by froth was
removed by pouring the centrifuged 1liquid through a
"Clover Leaf" filter pad.

The resulting liquild after addition of
carbohydrate and usually also of urea was incubated
in the dark In a water-bath thermostatically
controlled at 39°C, the body temperature of the cow,
The incubation flask was covered with a watch glass,
and the contents of the flask were gently agitated
at regular intervals throughout the period of

incubation which was usually 4 hours.

Anglysis of Rumen Liquid

Nitrogen The usual Kjeldahl procedure was followed
in estimating nitrogen, the catalyst used being a
mixtwre of copper and potassium sulphates and

powdered selenium,
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Non=-protein nitrogen Two methods of preparing the

N.P.N. filltrates were used :-

(a)

(b)

Sodium tungstate Approximately 25 g.
Tumen liquid were transferred to a 100 ml.
conical flask containing 50 ml. N/6 HoSOy4,
the exact amount added belng

determined by weight. The contents

of the flask were then washed into

a 500 ml, volumetric flask with N/6 HyS0,,

50 ml. of 10% sodium tungstate

solution added, and the volume made
up to the mark with the N/6 acid.
After vigorous shaking the solution
was allowed to stand overnight and
then filtered through No.42 Whatman
fllter paper. '

Trichloroacetic acid Rumen liguid
Tusually about 5 g.) was added to an
equal volume of 20% trichloroacetic
acld and heated for 5 minutes in a
bollling water~bath. In expériments
in which both proteln and N.P.N. were
to be determined, the contents of the
flask were diluted with distlilled
water and filtered directly into a
Kjeldahl flask. The proteln residue
was well washed with water and then
transferred in its filter peaper to a
second Kjeldahl flask. When, however,
only the N.P.N. content was required,
the mixture of rumen lliquid and

_ trichloroacetic acld was heated for

5 minutes in a bolling water-bath and
then transferred to a 50 or 100 ml,
volumetric flask and mgde up to the
merk with water before it was filtered.
Portions of the filtrate were taken
for N.,P.N. determingtion.
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Ammonia To estimate ammonia in the acld-tungstate
filtrate & 100 ml. portion was neutralized to phenol
red with N sodium hydrozide, 2 ml. being added in
excess. The mixture was then distilled in steam for
approximately 15 minutes, the dlstillate being
collected in N/50 sulphuric acid., Sometimes a
portion of the trichloroacetic acld flltrate was used

in the same waye.

Soluble carbohydrate The soluble sugars added to

rumen liquid in the carbohydrate decomposition

exper iments were maltose and the pentoses arabinose
and xylose. Before estimating these sugars, the
microorganisms with any assoclated polysaccharilde were
first removed by prolonged centrifuging as described
on p. 24 for the isolation of bacterial sediment,
Soluble carbohydrate wgs then estimated by the
following methods :-

(a) Mzltose A sultable portion of the
centrifuged liquid was diluted to
100 ml. with water, and refluxed with
10 m1, of HCl (sp. gr. 1.125) for
approximately 3 hr. to hydrolyse the.
maltose into dextrose. After almost
neutralizing the hydrolysate with
NeOH, it was diluted to a convenient
volume, usually 250 ml. and filtered.
The reduclng power of the filltrate was
estimagted by the method of Munson and
Walker as recommended by the Association
of Official Agricultural Chemists :
(1945)., In this method the sugar
solution is heated under carefully
controlled conditions with Soxhlet's
modification of Fehling!'s solution.
The cuprous oxide produced 1s weighed,
and tables are provided to convert

the welght of cuprous oxide obtained
to the amount of dextrose in the solution.




(b)
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It was found convenient and accurate
to use grade 4 sintered glass
crucibles (Pyrex) to collect the
precipitate of cuprous oxide, but
the weight of the empty crucible had
to be teken at the erd of the
estimation after the cuprous oxide
had been washed from it with nitric
acld, since the weight of the
crucible decreased to a small extent
when the hot alkaline Fehling's
solution was poured through it.

Pentose The furfural phloroglucide
méthod as described by the Assoclation
of Official Agricultural Chemists (1945)
for the estimation of pentose in wines
was used. A suitable portion of the
centrifuged liquid was diluted to

100 ml, with water and 43 ml. of
concentrated HC1l added to start the
dixtillation, which was allowed to
proceed at the rate of 30 ml. per 10
minutes. To replace the distillate,

12% HCl was sadded at 10 mimute intervals
until 360 ml. of distillate were collected.
After additlion of phloroglucinol the
volume was made up to 400 ml. with 12%
HCl, the precipitate gllowed to settle
overnight and then collécted 1in a welghed
sintered glass g¢rucible. For weights of
phloroglucide between 0.03 and 0.300 g.
the formula (& + 0,0052) x 1.0075 was
used to convert phloroglucide to pentose,
ta! being the welght of phloroglucide

in grams.

Volgtlle fatty acids Exheustive steam distillation

was used to separate volatile fatty acids from rumen

liquid.

In a typlcal experiment 50 ml. rumen liquid

were acldified with 10 ml. 1lON HpS04, and the mixture

distilled in steam until the distlllate was no longer |

acld. The distillate was filtered to remove traces of

higher acids present in solild form. Aliquots were

|

i

then titrated with N/10 NaOH using phenolphthalein as |

indicator. For calculation purposes the volatile acidg

. were assumed to consist of gcetic acid.




Iectic acid The method used was that of Barker and
Summerson (1941). Rumen liquid which had been
preserved by additlon of 10 ml. of 10N HpSO4 per 100
ml. was used for the estimation. A 5 to 10 ml. portion
was first neutralized to litms with NaOH and then
diluted to 100 ml. A portion of thls neutral solution
was transferred to & 25 ml. volumetric flask, 2.5 ml.
of 20% copper sulphate solutlion added, and the volume
made up to the mark with water. The contents of the
flask were then transferred to a centrifuge tube and
mixed well with 2.5 g. Ca(OH)y. After standing for at
least % hr. during which time the contents of the tube
were frequently well mixed, the cbpper-lime flltrate
was obtained by centrifuging. This procedﬁre was
found to remove not only interfering carbohydrgtes but
also protein, thus making further deproteinization
unnecessary. The copper-lime filtrate (3 ml.,
containing 6-30ug. lactic acid) were added to a
conical flask containing 0.15 ml. 4% copper sulphate
solution. The lactic acid was converted to
acetaldehyde by heating it with 18 ml. concentrated
HoSO0, In a bolling water-bath for 5 minutes. After
rapid cooling in ice 0.3 ml. of a 1.5% solution of
p~hydroxy-diphenyl in 0,5% NaOH was added, and the
flasks were immersed in a water-bath at 30°C for at

least 30 minutes to hasten colour development. Excess

reagent was finally destroyed by immersing the flasks

f

in a bolling water-bath for 90 seconds and then




TABIE 1

Data obtained 1n order to calibrate the Spekker

Absorptiometer for the estimation of lactlic acild

Volume of solution Concentration Spekker|Reading
taken for copper- of lactic acid| reading| (a) =
lime treatment in copper-lime blank
filtrate
(ml,) uge./ml. (a)
Blank 0 0.023
Soln. C. 2.5 1 0,068 0.045
" " 5.0 2 0,103 0,080
" n 7:5 ) 0.143 0,120
" " 10.0 4 0,187 0.164
" " o12.5 5 0.220 0,197
Blank 0 0.040
Soln. D. 7.5 6 0.280 0,240
" " 8.75 7 0.303 0.263
" " 10.0 8 0.358 0.318
" " 1l.25 9 0.396 0.356
" T 12.5 10 0.430 0.390




0,400

0.300

Spekker
readings

0,200

0.100

[
2 4 o 6 8 10
A&. lactic acid per 100ml. copper-lime filtrate

Figure 1. Calibration of Spekker Absorptiometer
: for lactic acid determination.
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cooling in an ice-bath. The depth of colour developed
in the eolution was measured in a Spekker Absorptiometer

using a green filter., A callbration curve for the

instrument was constructed by using known amounts of |
|

lactic acid. A convenient method of doling this was to’
|
|
[

weigh accurately 1 g. lactic acld and dilute 1t to
1,000 ml, thereby obtaining a solution containing 1 mg%/
thl, This solution was then diluted 1 in 10 (solution
B) and solution B diluted 1 in 10 and 1 in 5 (solutions
C and D). Portions of these solutions as shown in
Table 1 were then put through the copper-lime treatment
and colour development procedure as already described.
Blanks were simllarly treated and the Spekker reading
for the blank subtracted from the lactic acld Spekker
readings before constructing the calibration curve

shown in Figure 1.

Anglysis of the Bacterlal Sediment

Obtained from Rumen Contents

Sediment weight and nitrogen content For routine

analysis of the bacterial sediment, 40 ml. rumen liquid
were pipetted into weighed 50 ml. centrifuge tubes and
centrifuged for 45 minutes at 3,000 r.p.m. (centrifugal

force = 1800 x g.). The supernatant layer was poured |
: |

|

into a 100 ml. volumetric flask, and the sediment
washed with about 25 ml. distilied water, After g

further spinning the supernatant layer was added to the

first, The washing was repeated a second time and the!

combined supernatant layers made up to the mark with
\
water. The sediment was then washed twice with
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alcohol and finally dried to constant weight at 100°C.

It was then transferred quantitatively to a Kjeldahl |
flask with hot concentrated sulphuric acid for nitrogen
determination, The liquid separated from the sediment

was used for determining soluble carbohydrate.

Polysaccharide The method used was essentially that

of the Association of 0fficial Agricultural Chemists
(1945), the procedure being as follows. A weighed
amount of bacterial sediment (0.1 to 0.3 g.) was !

refluxed with 100 ml. Ho0 and 10 ml. HC1 (sp. gr.l.125)

for 2% hr. The reducing power of the hydrolysate was
then determined as already described for hexose formed |

|
from maltose on p.21. The factor 0.9 was used to /

convert hexose to polysaccharide,

Pentose The method described by the Association of
Official Agricultural Chemists (1945) for pentose was

used . This method has already been described for

The distillation was begun with 2 g. of sediment and

100 ml. of 12% HE1.

Crude fibre Two methods were used, (a) the official

method which is described fully by the Association of
Official Agricultural Chemists (1945), and (b) a

shorter method described by Whitehouse, Zarow and

Shay (1945), |

determination of pentose in the separated rumen liquid.
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(a) Bacterial sediment (2 g.) was
digested for 3 hr. with 1.25% HoSO4,
and the unhydrolysable residue
removed by passing the liquid
through filter cloth., The residue
was then digested for % hr. with
1.25% NaOH, and the residue from
this digestion transferred to a
Gooch crucible. After heating
to constant weight at 110°C, the
residue was incinerated. The loss
of weight on incineration was
attributed to fibre.

(b) Bacterial sediment (2 g.) was digested
only once with 100 ml. of a reagent
containing 20 g. trichloroacetic acid
dissolved in a mixture consisting of
500 ml. glacial acetic acid, 450 ml.
distilled water and 50 ml. niltric
acid (sp. gr. 1.42). The residue was
dried and incinerated as in (a).

Lipoid material An estimate of the lipoid material

| was made by heating 2 g. of the bacterial sediment
with alcoholic KOH followed by extraction with ether.
The ether was then evaporated and the residue
extracted with light petroleum. The amount of lipoid
material dissolved in the light petroleum was weilghed.

Ash The sediment (1 g.) was incinerated in an open
crucible at a dull red heat over a Bunsen burner till

constant weight was attalned.
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Phosphorus The well-known method of Fiske and

Subbarow (1925) was used. The solution for analysis
was prepared by incinerating 2 g. bacterial sediment
in the presence of added MgClz to prevent loss of
phosphorus, and dissolving the ash in HCl. The
phosphate in the solution was first converted to
phosphomolybdic acid, which was then reduced with

1, 2, 4 -aminonaphtho~ sulphonic acid. The blue

colour produced was measured in a Spekker Absorptlometer.

Calcium The well established method of McCrudden

(1911-12) was sdopted. The calcium in portions of

the ash solution used for phosphorus determination
was preciplitated as oxalate and titrated against

standard permanganate solution.




Part I. Experliments on the Value of in vitro

Studies, and on the Decomposition of

Carbohydrate by Rumen Liguid

Introduction

It has already been explained that in earlier

work when Pearson & Smith (1943, 1) attempted to study|
the utilization of N.P.N, by in vivo experiments with |

e bullock having a rumen flstula, they encountered
great difficulty in obtaining from the heterogeneous {
mass of rumen contents, samples which were sufficientlﬁ
representative and homogeneous for chemlcal gnalysis.
They also foresaw difficulty in Interpreting the
results which might be obtained, since it would be
difficult to know accurately how far a decrease 1n the
N.P.N. content of the rumen ingesta could be
attributed to conversion to protein and how much to its
absorption from the rumen into the blood or to its
passage further along the alimentary tract. They
therefore adopted a method whereby rumen contents
removed by way of the fistula were stralned through
mus 1in and incubated in the laboratory according to
the method which has been described on p. 18.

It was clear, however, that conclusions drawn

from in vitro incubations of this type might well be

critirised on the grounds that they were not !
necessarily applicable to the normal rumen where salivai
!

is constantly being added to the ingests and where theré

is selective absorption from the rumen to the blood and?
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passage of rumen contents to the other stomachs and
intestines. It was decided, therefore, that before
further in vitro work was undertasken, tests should be
made to determine whether results obtalned by this
technique were llkely to be applicable to the normal
rumen.

It is well known that CO5, CHy, lower fatty
acids and lactic acid are formed in the rumen when
carbohydrgte is fermented, and recently Phlllipson
(1942) has shown that the production of these substances
reaches & maximum during the first few hours after
feeding, the changes being accompanied by a decrease in
PH. Since in the iIn vitro studies of Pearson & Smith

(1943, 3) and Smith & Baker (1944), starch or maltose |
was gdded to the rumen liquid immedigtely before i
incubation began, the changes occurring in the

incubation period might be expected to bear some
resemblance to those observed in the rumen during the |
first few hours sfter feeding. Should there be a

8imilarity between in vivo and in vitro fermentation o#

carbohydrate, it would be reasonable to suppose that
the nitrogen changes observed in the in vitro work,
would also resemble those which take place in the
intact animal.

The experiments carried out to determine the
value of in vitro work led also to another consideratiﬁn.

In a constantly changing system like the rumen from

which absorption direct into the blood and passage

further along the alimentary tract can occur, 1t is i



30

extremely difficult to determine how much of the
carbohydrate fermented in a given time is converted to
lower fatty acids and how much to other products such
as COg, CHy, lactic acid, protein and the bacterial
starch - like polysacchgride which has been discussed
by Baker (1943) and Raker and Harriss (1947) and
estimated in bacterial sediment by Smith & Baker (1944).
In the work described in this section, therefore, the
opportunity was taken of using the in vitro technique
to find how much of the sugar which was decomposed in &
glven time could be accounted for by the formation of
these various products.

There were, therefore, two objects, first to
determine whether the results obtained by in vitro
Incubation could reasonably be applied to the normal
rumen, and second to determine how much of the
fermented carbohydrate could be gccounted for by the

| various products formed.

Experimental

(1) A preliminary experiment on the formation of lowenr

fatty aclds and lactic acid during in vitro

Incubation The aim of this experiment was to

determine whether in incubations, in which protein
synthesis occurred, the fermentation of carbohydrate
‘was accompanied by the formation of lower fatty acids
Eand lactic gcid. Rumen liguid (2,000 ml.) which had
Ebeen strained through muslin, but not centrifuged, was




TABIE 2

Ihe formation of volatille fatty acids and lactic

acid from maltose during the incubation of rumen

liquid
Maltose| Volatlle fatty Iactic
Hours| pH acids acid
(as acetic acid)

mg. per 100 g. rumen liquid
0 6.0 1005 636 21.4
0.5 6.1 909 690 37.1
1.0 5.8 787 712 49.9
1.5 5.6 676 748 57.8
2.0 5.6 578 777 71.2
3.0 5.4 398 844 79.2
4.0 5.3 296 902 94,2
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incubated for 4 hours in the presence of 1% maltoss.,
Urea (0.05%) was also added to ensure that bacterial
growth was not limited by lack of N.P,N., since the
naturally occurring N.P.N, content of rumen liquid is
sometimes low. Initlally and at intervals during the:
incubation period samples of the liquid were removed
for the determination of pH and for the estimation of
soluble sugar, lower fatty acids and lgctic acid.
From the results which are recorded in Table 2
and Fig. 2 it can be seen that the fermentatlon of
carbohydrate was accompanied by the production of
lower fatty aclds and lgctic acid and that after the
first half-hour® there was a decregse in pH. These
changes are qualitatively similar to those which
Phillipson (1942) detected during the fermentation of
carbohydrate in vivo, and it was clear that further
experiments should be made in which the formatlon of
CO, could be studied, since the production of COy is
also one of the characteristics of carbohydrate |

fermentation in the rumen.

(2) 0o production during in vitro incubation mpyo

experiments were carried out in which 900 ml. of rumen
liquid containing 1% maltose and a small amount of urea
were incubated for 4 hours in a flask fitted In such a

way that a slow current of COgo-free air could be drawn

through the liquid and then passed through bottles

2,

*  The slight increase in pH durling the first half- [
hour resulted from the rapid conversion of urea to
ammonia during that period (Pearson & Smith, 1943, 2)
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Figure 2,

The formation of volatile fatty acids and
lactic acid from maltose during the
incubation of rumen liquid,

Note: The initial increase in pH was
due to formation of ammonia

from urea.



TABIE 3

The formation of carbon dloxide 1ln two

typical incubations of rumen liquid containing

maltose and urea

Experiment 1|Experiment 2

mg./100 g. rumen liquid

(a) COy5 collected in ‘
baryta 157.0

(b) €05 calculated to have
come from urea 50.6

(e¢) CO, derived mainly or
2
entirely from maltose ‘
(a - D) 106 .4

(d) The carbon equivalent pf ‘
the COy (¢ x'12/44) 29.0

(e) Decrease in the maltosle
content of the rumen
liquid during incubation 706.0

(f) The carbon equivalent |of '
" the maltose (e x 144/342) 297.5

Approximate amount of maltose ‘
converted to COp 9.8%

132.0

30.6

101.4

27 .7

619.0

260.8

10.6%
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contalning stamdard baryta. At the end of the
incubation, the first two bottles of baryta showed
some turbidity, Indicating that they had trapped COg
whereas the liquid in the third bottle was still
transparent. The baryta in these first three bottles
was titrated with standard HC1l using thymolphthalein
as indicator (Martin & Green, 1833) and in this way an
approximate estimate of the coz formed during the
incubation was obtained. It was realized from the
work of Pearson & Smith (1943, 2) that the urea which
had been added would be hydrolysed to ammonia and Coo
during the incubation and so a correction was made for
the amount of 002 which would be pfoduced in this way.
Since the pH decreased by nearly one unit during the
two incubation periods, a small proportion of the COp
which was collected was probably present in the rumen
liquid before incubation and was liberated as a result
of the medium becoming slightly more acid. Thds small
proportion would not be formed from maltose, and so a
correction for it would have to be applied if an

accurate result had been desired, but since these

€xperiments were of a preliminary nature, the
‘correction was not made in this particular instance.

The results of these two experiments ére glven

}1n Table 3 and show that probably about 10% of the
%carbOhSdrate fermented was converted to CO,. This
;Value cannot be other than approximate, but it suggests

‘that the chanres which had taken place in the

Aincubation flask were similar to those which are known |



to occur when carbohydrate is fermented in vivo, for
it has been stated that in cellulose digestion under
natural conditlons about 7% 1is converted to gas,
(Hammond 1928). Further experiments were now planned
to obtain a more exact measure of the COg produced and
at the same time to estimate the other products of
fermentation, and so determine what proportion of the
| fermented carbohydrate may be accounted for by the

varlious end-products.

(3) The amount of carbohydrate fermented in vitro
e —— 1

which can be gccounted for by the production of

the various end-products Since the preliminary

experiments, which have just been described, indicated
that the changes which occurred in vitro were probably
very similar to those which occurred in vivo,
particularly after a meal, 1t seemed that these

in vitro methods might give valuable information
regarding the proportion of the fermented carbohydrate
which is converted to each of the various fermentatlon
products. In a typlcal experiment designed with this
object in view, sufficient rumen contents were
strained through muslin and centrifuged to give 2
litres of liquid. Maltose (1%) and urea (0.05%) were
}added, and the liguid divided into two portilons.
Samples of one portion, preserved by adding a known
amount of 10N stoé,vwere kept-for the determination
of lower fatty acids, lactic acid, maltose, readily

hydrolysable polysaccharide and protein. A further
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during incubation.
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sample of the same portion (200 ml.) was placed in a
flask arranged as shown in Fig.5a. The flask was
closed by a bung, fitted with a tap-funnel and two

glass tubes, one of which extended below the surface

of the liquid inslde the flask and was attached at its
other end to a\COz-trap through which atmospheric air [
could be drawn. The other tube did not extend below
the surface of the 1ligquid in the flask and was
connected with a Winchester bottle filled with 50%
HoSO04. A current of COg-free alr was drawn through i
the rumen liquid in the fiask by withdrawing the acid
from the Winchester bottle in which the air and gases
from the rumen liguid were collected. HoSO04 (50%) was
used rather than water to prevent solution of Cos. |
Just as the stream of air began to pass through this
particular sampde of rumen liquid, the liquid was
acidifled with 40’m1. 10N stO4 from ﬁhe_tap-funnel.
By measuring the volume of gas collected, (about 2
litres in a typical experiment) and analysing it in a

Haldane gas-analysis apparatus, the amounts of CO, and

CHy removed from the acidified rumen liquid before

incubation were obtained.

Immediately after dividing the original rumen

liquid into two portions, the main portion (500 ml.)

was incubated for 4 hours at 39°C in a flask fitted
l

with the type of gas-collecting apparatus shown in i
- 1
Fig.3b, During the incubation period a slow current

of coz-free air was drawn through the liquid and the
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gases collected in the asplrator, At the end of the
period, some of the rumen liquid was drawn off and
preserved for the determination of lower fatty acids,
lactic acld and other products of fermentation., At
the same time, 200 ml. of the liquid which had been
incubated was transferred to the gas-collection
apparatus'(Fig.Sa), acidified with 10N Hy80, and

a rapld current of COg-free alr passed through it so
that any €O, amd CH4 still remaining in it could be

estimated.,

Since combustible gases such as olefines and
carbon monoxide might have been produced during some
types of fermentation and since the presence of very
small proportions of carbon monoxide have sometimes
been reported in rumen gases, (Olsen, 1942; Dougherty,
1941), samples of the gas collected during incubation
were treated with bromine water and with cuprous

chloride in a Orsat-Fischer gas-analysls apparatus.

No traces of olefines or carbon monoxide were detected=
On combusting the gas collected from the incubation i1n
the Haldane apparatus, it was found that the amount of
contraction which occurred during combustion was twice
the volume of the €Oy produced. This confirmed that
the only combustible gas likely to be present in

Significant amounts was methane, sincg the equatign

;
for the combustion of methane is CHy + 20g = COg + 2H50,

|

from which 1t can be seen that the volume of oxygen

1
|

used is twice that of the 002 produced.,
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The results for three typlecal experiments willf

now be discussed, The amounts of the various end-

| products, other than gases, were determined by analysij

of the rumen 1liguid before and after incubatlon, using;
the methods which have already been described (pp. 19 4
27). The gases obtained from the rumen liquid
acldified before incubation, from the rumen liquld
acidified after incubatlion and from the unacidified
sample during incubation were measured and samples
analysed on the Haldane apparatus.

Typical results obtained in one experiment for
the gas-analysis are shown in Table 4. It will be
observed from these results that COp and CHy were
originally present in the rumen liquld (Columm b,
Table 4) and that they were both formed during
incubation (Column a), but that no methane was
contained in the rumen liguid after incubation
(Column ¢), all measurable amounts of it having been
collected before incubation ceased. Each gas analysis
was doﬁe in triplicate and the results for the
individual analyses sgreed very closely indeed. For
calculating the amounts of CO, and CH, formed, the
average results of the three analyses were used.

These average results are #ecorded at the end of

Table 4,

The method of calculating the amounts of 002 i
ard CH, formed during incubation is shown in Table 5.

There were originally 50 mg. urea present in 100 g.

rumen liquid, and during incubation the pH changed



TABLE 6

The amounts of the varlous products formed in

three separate incubation experiments with maltose

Amount of substance decomposed
or formed during incubation

( mg.,/100 g. rumen liguid)

Experiment No,

1 2 3
Maltose changed during
incubation 583 445 550
Lower fatty acids ‘
produced (as acetic
acid) 170 85 201 !
Lectic acid produced 34 44 49 |
Carbon dioxide n 66 47 80
Methane " 11 4 13
Bacterial protein®
produced 31 53 60
Bacterial polysaccharide !
produced 172 161 i4 E
PH changes, Initial 5.80 5.94 6 .54 e
Final 5.39 5.40 5.56 |
Change ‘0 . 4:1 "'0 . 54 -O 098

* 6.25 x the decregse in N.P.N.




TABIE 7

R

The amount of maltose, expressed in terms of carbon,

which was utilized during incubation and which was

accounted for by the carbon of the various end-products
formed 1in three typical experiments

Amount formed|The percentage of
durlng the maltose carbon
incubation accounted for by
(mg .carbon/ each product
100g .rumen
liguid)
Experiment No. Experiment No.
1 2 3 1 2 )
Carbon of:-
Volatile fatty acids
(as acetic acid) 68| 34| 80 27.6 18.2| 34.5
Lactic acid 14| 18| 20 5.7 9.6 8.6
Carbon dioxide 18| 13| 22 7.5 7.0 945
Methane 8] 3] 10 343 1.6 4.5
Bacterlal protein 16| 28| 32 6.5 15.0| 13.8
Bacterial
polysaccharide 76| 72| 34 30,9 38.5| 14.7
Total 200|168 {198 81.3| 89.9| 85.4
Carbon of maltose,
changed during '
Incubagtion 246|187 (232 100 100 100
Proportion of maltos
accounted for (%) | 8L3|89.9|s5.4 [81.3| 89.9| 85.4

If the volatile fatty acids are
calculated as propionic acid
instead of ascetic acid, the
proportlion of maltose carbon
accounted for would be 95.1

98.9[102.6
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from 6 .54 to 5.56. Corrections were made, therefore,
for the COg which would arise from urea and also for
the amount which would be liberated from the natural
buffer systems of the rumen liquild as the acidity of
the medium incregsed,

The results for C02 and CH4q arrived at in this
way for three quite dlstinct but typical experiments
are shown in Table 6, together with the results for
the other end~products and the changes which occurred
in pH,

In order to determine how much of the
utilized maltose could be accounted for by the
formation of these various products, the flgures
tabulated in Table 6 had to be converted to equivalent
amounts of carbon. By this means it was possible to
calculate the total amount of carbon in the end-
products and compare it with the amount of carbon which

was contained in the utilized maltose. The results of

{
|

these calculations which are recorded in Table 7 i
suggest that gbout one third to one half of the maltose
utilized during incubation was converted to bacterial |
protein and bacterisl polysaccharide, the remainder
being fermented. Assuming that the volatile fatty

acids consisted entirely of acetic acld, the results 1n

Table 7 indicate that about 81 to 90% of the maltose
utilized would be accounted for. It is well known, i
however, that propionic acid and a small amount of |
'butyric acid are usually presant in the volatile

fatty acids formed in the rumen, but estimates vary as



TABILE

The proportion of the fermented maltose,

expressed as carbon, which was accounted for

by the carbon of the various end~products of

fermentation

The percentage of |

the maltose carbox
utilized during
incubgtion and
accounted for by
the four end-

| The percentage of

the maltose assum=
ed to be fermented
accounted for by
each product,

calculated on the

products of basis of carbon
fermentation '
Experiment No. Experiment No.
1 2 | 3 1. 2 3
The carbon of:-
Volatlle fatty acdids
(as acetic acid) | 27.6 | 18.2 {34.5 44,11 39.1| 48.2
Lactic acia 5.7 9.6 | 8.6 9.1 20,7 12.1
| Carbon dioxide 7.3 | 7.0 | 9.5 || 11.7| 15.1] 13.3
Mathane 3.3 106 4.5 5.5 5'4 600
Unaccounted for 18.7 1 10,1 | 14.6 29.8| 21.7| 20.4
Total 62.6 | 46.5 | 71.5 |100.,0[100.0|100.0

Namely, the total
during the incubs
amount utilized for the formation

of bacterial protein and polysaccharide.

e ——————

¥ The values in these first three
columns asre taken from Table 7.

maltose changed
tion less the




38

as to the actual proportions in which each occurs,
(Phillipson, 1947-48; Elsden, 1945-46). Further
experiments are now being carried out by the present
writer to determine the precise nature of the mixture
of volatile acids which are formed during in vitro
incubations of this type but the work has not yet
advanced sufficiently far to be described. It can be
seen from the figures in the last line of Tagble 7 that
if the maln acid were propionic rather than acetic,
considerably more of the utllized maltose would be
accounted for, the percentage recovery flgures in that
case being 95.1, 98.9 and 102.6. If, however, an
equimolecular mixture of acetic and propionic aclds
were produced, the percentage recovery figures would
be 88.2, 94.4 and 94.0. In work of this type recoveriés
in the order of 95% would clearly suggest that all the
end~-products of fermentatlon were being estimated.

The figures recorded in the last three columns
of Table 7 for the end-products of fermentation as
distinct from the formation of baéterial protein and
polysaccharide have been used in Table 8 to calculate
the proportion of the fermented maltose which could be
accounted for by each of the four products. Assuming '
that the main volatile acid was acetic, about half of

the maltose fermented was converted to volatile fatty

acids, a tenth to a fifth was converted to lactic acid

and almost the same amount to COp, but only about 3 to|
|

6% to methane, Of the total maltose utilized during
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incubation (Table 7) 10 to 19% was unaccounted for, and
1f this is assumed to have been fermented maltose, it
means that about 20 to 30% (Table 8) of the fermented
maltose was converted to some product other than the
four which have been studied. If, however, propionic
and acetic acids were produced in equivalent amounts,
the amount of fermented maltose unaccounted for would |
be reduced to gbout 8 - 18% and the amount accounted
for by the formation of volatile fatty acids increased
to 55 - 60%. As already explained further work on this
aspect of the subject is now. 1in progress.

So far it has been assumed that the various
substances produced during these Ilncubations were
formed from the maltose which was added to the rumen
liquid before incubation began, but it may be that some
of these products can be formed in significant amounts

from other constituents of the rumen liquid during an

incubation period of 4 hours. To investigate thils
point two separate experiments were carried out in whic%
rumen liquid was incubatéd under the same conditions as
in the experiments already described except that no

maltose was added. The various products formed during

incubation were estimated exactly as shown in Tables

4 to 7 for the incubations in which maltose was present.

Since the method has already been so fully described,

only the final results need be given. They are i

recorded in Table 9 and should be compared with the

corresponding values in Table 6 and 1n the first three

i

columns of Tgble 7. It will be noted that the amounts




TABIE ©Q

. et et o

The changes undergone by various rumen liquid

constituents during in vitro incubations in the

absence of added carbohydrate

The amountmof The amount of
substance de- [| substance de-
composed (=) composed (=)
or formed(+) | or formed (+)
during expressed as
incubation caroon
(mg .substance/| (mg.carbon/
100g . rumen 100g . rumen
liquid) liquid)
Experiment No. | Experiment No.
1 2 1 2
Volgtile fatty acids
(as acetic acid) + 9.0 | #26.0 ||+ 3.6 |+10.4
Lactic acid None + 0.2 None + 0.1
Carbon diloxide + 3.9 None + 2.4 None
Methane + 0.5 | + 0.8+ 0.4 + 0,6
Bacterial polysaccharide | + 1.0 - 0.5+ 0.4 - 0.2
Soluble carbohydrate - 8.9 - 23] = 3.6 | - 0,9
(a) Bacterial protein® | -16.5 | =15.6 ||~ 8.8 | = 8.3
(b) Total of substances
decomposed expressed as
carbon -12.4 - 9.4
Proportion of total de- |
composition which can
be attributed to protein
.breakdown (8 x 100) 71.0% | 88.3%
b
PH changes: 1Initial 6.3 6.8
Final 7. 7.8 |
Change + 0.8 + 1.0 ‘

Note,

three incubations in t
Similarly the results
should be compared
columns of Table 7.

* The increase in N.P.N. X 6.25

The results in the first two columns for these
Wo experiments without added maltose should be compared
With the corresponding results recorded in Table 6 for
he presence of 1% maltose.

in the last two columms above
with those in the first three

i
i
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of the various substances formed in 4 hours in the
absence of added carbohydrate were very much smaller
than the corresponding values when maltose was present)
In one of the two experiments there was only a small
amount of volatile fatty acid formed and no lactic aciﬁ.
In the other there was only a trace of lagctic acid and
no measurable amount of carbon dioxide. In both there
was a small loss of soluble carbohydrate, but
according to the increase which occurred in the N.P.N.:
content of the rumen liquid, the main substance
decomposed was protein. This decomposition of protein
in the absence of added carbohydrate confirms the
earlier work of Pearson & Smith (1943, 3) in which they
found that protein synthesis occurred only when there
was a supply of readily available carbohydrate in the
rumen liquid. In fact it can be seen from Table 9

that 71 and 88% of the total decomposition might

reasonably be attributed to protein. In experiments |
i
of this type in which only very small amounts of the '

various products are formed, it is not easy to estimate
them with great accuracy. However, the results are ?
sufficiently reliable to show that by far the greater j
part of the small amounts of volatlile fatty aclds, !
carbon dioxide and methane which were formed in these |
two incubations were derived from the decomposition of
protein., The assumption may safely be made, therefare,
that in incubations in which a soluble sugar such as |

maltose is added and in which protein synthesis

predominates over protein breakdown, the various

Products formed are derived almost entirely from the

. added sugar. 7
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Discussion

One of the two main objects of the foregoing
experiments was to determine whether the changes
occurring during ‘in vitro incubations of rumen liquid

in the presence of added carbohydrate were similar to

those which occur in the normal rumen during the hours
which follow the ingestion of food. The various items

studied included change in pH and the formation of COo

CHy, lactic acid and volatile fatty acids.

The pH changes occurring during in vitro

incubations in the presence‘of added carbohydrate when

protein was being synthesised are shown in Table 6,

and typical changes in the absence of added carbohydrat

in Table 9., When soluble carbohydrate was present,
the pH frequently decreased by as much as one unit,

often reaching a final value of 5.4, but when no

carbohydrate was added there was always an increase of

up to one unit. This increase was doubtless due to
the decomposition of protein and the formation of
ammonia which occurs under these cilrcumstances. A
brief survey of the published observations on this

. Sub ject discloses that the normal range of the pH of
rﬁmen contents in vivo is large. Monroe and Perkins
(1939) reported average values of between 6.8 and 7.0
for samples of rumen ingesta obtalned from fistula
animals receiving hay and concentrates and lower value
of 6.5 and 6.7 for cattle at pasture. In general,
during the 4 hours following a meal, the pH decreased

L ©

|
|
considerably, sometimes by as much as one unit and then
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tended to rise slowly. Hgale, Duncgn and Huffman
(1940) have studied the pH changes which occur through-
out the day and have also related these changes to time
of feeding. Agglin thére was a marked decrease for son
hours after fobd, followed by a slow rise, Later work
by Phillipson (1942) showed that pH changes occurring
in the rumen of sheep after different types of feed,
were similar to those demonstrated for the bovine rumen
Phiilipson also confirmed that the pH was considerably
lower when sheep were fed grass, the average variation
being from é.ngprior to feeding to 5.80 at the peak
of fermentation. Some sheep, however, developed a pH
as low as 5.4. Myburgh & Quin (1943), also wlth sheep
found that the pH of rumen ingesta varied from 5.5 to
6.8, depending on the carbohydrate of the diet.

Tt appears, therefore, that pH values found for
rumen ingésta in vivo may vary between 7.1 amd 5.4
depending largely on the type of dlet and the time of
sampling after feeding. Thus the pH values recorded in
the present in vitro experiments with added carbohydrat
are within the normal range. Furthermore, Phillipson
and McAnally (1942) have found that when 100 g. of
galactose, a sugar which behaves simllarly to maltose
in the rumen, is given to a sheep, the pH changes from
6.7 to 6.2 within 4% hours. Thus the pH changes which

were fdund in vitro closely resemble those reported fon

)

e

e

in vivo digestion of soluble sugar. From a
consideration of pH changes alone, therefore, 1t would |

appear that the changes taking place during the short



in vitro incubations with added sugar closely resemble

those which take plgce in the rumen some hours after a

meal.

Phillipson and McAnally studied the formation |

these changes in pH. In the in vivo experiment with
galactose to which reference has just been made, it
was estimated that there had been an increase 1in
volatile fatty acids (calculated as acetic acid) of
170 mg. per 100g. rumen liquid within 4% hours, a
figure similar in order of magnitude to those of 170 1
and 201 found in vitro and recorded in Table 6. In th%
in vitro incubations, lagctic acid was produced in much@
smaller quantities than the volatile fatty acids, and
this again is in accordance with Phillipson’s
observation that there was very little accumualation of
lactic acid in vive. In the living animal, lactic
acid formation might appear to be low because it might
leave the rumen rapidly either by preferential |
absorption into the blood stream or by passing further
along the alimentary tract, but the in vitro work
described here suggests that with some samples of
rumen liquid relatively little 1s actually formed.
Various workers have studied the composition

and quantity of the fermentation gases produced in the

rumen. The ratlo of COy to CHy has been largely |
|
|

investigated owing to the fact that this ratio 1is used

to obtain a true value for expired CO2 in respifatory

quotient determinations on cattle. The work of



Washburn and’Brody (1937) showed conclusively, however,
that the ratio of carbon dloxide to combustible gas was
not a constant, but varied with the time after feeding,
the ratio rising with volatile fatty acid production
and consequent liberation of carbon dioxide from

carbonates. In the present experiments, the ratio of

the volume of COo, to that of CHy producsd during four

hours! incubation in Experiments 1, 2, and 3, and
recorded in Table 6, may be calculated to be 2.18,
4,27 and 2.24. When it is considered that Klelber,
Cole and Mead (1943) reported an average value of 2.58
for this ratio and that for the rumen gas of a Holsteln
cow slaughtered four hours after a feed of alfalfa hay,
silage and grain mixture, Washburn and Brody (1937)

found the ratio to be 2.40, it may be concluded that

production in vitro follows the same trend as in vivo,
It is difficult to obtain information from the

literature concerning the amount of methane produced

7]

per unit of carbohydrate fermented. Olsen (1940) quote
some figures among which is that of Kellner's of 3.17 g.
CHy produced per 100g. starch digested. From the amounts
recorded in Teble 6 it can be calculated that in the
present in vitro incubations the amount of methane
produced was equivalent to 1.89, 0.9 and 2.36 g.
methane per 100 g. of sugar fermented. In view of the

very different circumstances in which they were

determined these figures are close enough to those of
Kellner to support the conclusion that as far as gas

production is concerned, fermentation in vitro 1s
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analagous to that in vivo.
,Elsden'(1945-46) has published results of both
in vitro and in vivo experiments on the fermentation of
‘ carbohydfate in the rumen of sheep. It is of interest
to note that in his in vivo work he found that the
dietary history of the animal had a profound effect
on the rate of fermentation of glucose, In one
experiment thé dose of glucose had not disappesared at
the dnd of ten hours, whereas in another experiment two
hours sufficed for its disappearance. The rate of
lactic écid and volatile fatty acid“pnbductionfdiffere&
in a similar way. If changes at the end df the
fourthvhouf only had been studied, the results for
lactic and volatile fatty acids would probably have
varied from experiment to experiment In much the same |
way as they véried in the present in vitro studies.
These considerations lead to the conclusion
that in the in vitro technique of Pearson and Smith
(1943, S) which has been used in the present work, the
changes occurring when soluble carbohydrate is added
to the rumen liquid are very simllar to those occurring
in the rumen_itéelf during a period of several hours
following a meal. It 1s probable, therefore, that

conclusions regarding protein synthesls obtained in the

in vitro work can reasonably be applied to the intact

|
!
rumen.

The second object of this part of the work was

to determine how far the sugar utilhzed in an

i
i

incubation could be accounted for by the formation of |
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bacteriagl protein, poiysaccharide, COy, CHy, lactic
acid and volatile fatty acids. Table 7 shows that
some 81 to 90% of the sugar could be accounted for by
the formation of these products. The fact that 10 to .

19% remained unaccounted for may be atbributed to thre%
causes., First, 1t 1s quite possible that when sugar }
is fermented by rumen contents, small amounts of
products are formed other than those which have been
studied here. Further work is required to explore thiJ
possibility. Secondiy, in estimating the various |
products listed in Table 6, there were bound to be small
experimental errors which might be accumulative., It 1is
not easy to obtain definite information about this.
Thirdly, for calculation purposes, the volatlle fatty
acids were assumed to be acetic acid, although it 1is
realiged that they also contained some proplonlc and
possibly also some butyric acid. Elsden (1945-46) used
an in vitro technigue by which he found that glucose
gave a mixture of volatile fatty aclds consisting
largely of propionic acid, whereas dried grass gave a
mixture in which acetic acid predominated. Elsden's
technique was to add the substrate such as glucose or |
cellulose to an inorganic medium resembling sheep's
salivg which was then inoculated with rumen liquid and

Incubated for several days. Under these circumstances

it could not readily be assumed that the surviving
bacteria were truly representative of the mixed rumen j
flora, since it is well known that most of the bacterilal

'strains present in the rumen do not readily survive for
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more than a few hours in artificial‘media, and this
would probabl& have an important bearing on the type of
fatty acids produced. Obviously further work on the
production of volatile fatty aclds 1is required, using
the in vitro technique described in the present work,
in which rumen liquid itself, and not an inorganic
medium, is incubgted for only a few hours, a period
during which it bears a close resemblance to normal

rumen contents. Work along these lines 1s at present

in progress.

Conclusion

From the evidence which has just been presented,
it is concluded that the fermentation of maltose during
in vitro incubation is essentially similar to the
fermentation of soluble carbohydrate which occurs
in vivo after ingestion of food, and since the
fermentation of carbohydrate in the incubation flask
1s accompanied by protein synthesis, it is reasonable
to conclude that protein synthesis also occurs in the
intact rumen, particularly in the period which follows
a meal.

Of the maltose decomposed during rumen digestion
in vitro at least 80 - 90% can be accounted for by the

 formation of bgcterial polysaccharide, bacterial

protein, volatile fatty acids, lactic acid, carbon

dioxide and methane.



| bacterial protein was similar to that on rations

' the rumen, and gave them as supplements to a basal diey
Ein growth experiments with chickens. The basal diet
fsupplen@nted with the residues of feedingstuffs was not

;significantly better in promoting growth than the basal

48

Part II. The Preparation of a Dried Sample

of Rumen Bacteria and the Bilological

Value of its Protein

Introduction

The work described by Pearson and Smith (1943,
3) and by Smith and Baker (1944) confirmed by in vitro

methods that protein can be formed in rumen liquid frof

-

N.P.N, under certain circumstances, one of the main
factors promoting synthesis being the presence of
readily available carbohydrate. But once the
possibility of protein synthesis had been established
it was important tc know something of the nutritive
value of the protein so formed. Probably the earliest
attempt to investigate this was made by Miller (1906),
who inoculated culture medium with rumen bacterla, and
after allowing growth to proceed for 5 days,
precipitated the mixture with ammonium sulphate and fed
a bitch with the dried precipitate. He found that

nitrogen retention on the ration containing the

containing albumin and casein., DMNore recently Usuelll
and Fiorini (1938) made preparations of rumen bacteria,

of rumen protozoa and of restdues of feedingstuffs fron

diet alone, but the bacterial and protozoan preparationg
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i
|

|

brought about more rapid growth.

i
|
A further endeasvour has been made to determinq

the nutritive value of the bacterial protein of the {

rumen by Johnson, Hamilton, Robinson and Garéy (1944)§

who made driled preparations of rumen bacteria, of j

protozoa and also of an organism which they isolated

|
1

in pure culture from the mixed rumen flora. Unfortunately

only about 80 g. of each preparation was available
with the result that only 2 or 3 rats could be used in
the tests with each preparation, and the results
obtalned for the individual rats varied greatly. Thuas
the three results for the biological value of the

protein in the mixed rumen preparation were 56, 70 and

75. Moreover, the mixed bacterial preparation had a
fibre content which was as high as 1.4%, so that it
was probably seriously contaminated with feedingstuffs
residues. It was clear, therefore, that further work
was required to determine more accurately the nutritiv%
value of the rumen miéroorganisnm and so experiments
were plannéd in which reasonagbly large amounts of dried
bacteria and of dried protozoa would be prepared ard
thelr nutritive values tested. The work on the
protozos is still in 1ts preliminary stages, but the

section on the bacteria has been completed and will

now be described.

Experimental |

The preparation of'dried rumen bacteris The fact was?
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realised at the outset that the work involved in
preparing a few hundred grams of dried bacteria would
take several months and that a very large volume of
rumen liquid would have to be dealt with. It was
i,obv:lcyu.ss, therefore, that the procedure adopted for
‘preparing the bacteria would have to be chosen so as to

glve the maximm yields of bacterial protein which

'could conveniently be obtained. There were several
%possibilities. The animal could elther be kept at grass,
or could be stall-fed; the bacterla could be
separated from the rumen liguid eithér immediately the
;1iquld was removed from the rumen or after incubation
in vitro with added carbohydrate.

In some preliminary tests it was found that by
incubating the rumen liquild with maltose before
isolating the bacteria, the weight of dried bacteria
obtained was increased by nearly 50% and the amount of

bacteriasl protein by 34%. It was decided, therefore,

to incubate the rumen liquid before making the bacterial
gpreparation. In the preliminary tests it was found
éthat when the animal was grazing higher ylields of the
ibacterial preparation could be obtained than when 1t
Was stall=-fed, but owing to the length of time which wag
:obviously going to be necessary to comnlete the work, it
was not practicable to keep the animal at pasture for
the duration of the experiment. It was, therefore,
decided to maintain the animal on indoor rations.
Throughout these particular experiments, the animal was

fed a diet consisting of 16 1b. hay, 2 lb. bean meal,




51

2 1b. oats, 2 1b. dried grass, 2 1b. beet pulp and 15
lb. cabbage per day.

Over 400 g. of dried bacteria were prepared in
small batches gt a time over a period of 3 or 4 months.
In a typical experiment 3 litres of rumen contents werse

removed from the rumen between 1 and 2 hours after

feeding, strained through muslin and cleared of protoz
and finely divided vegetable material by centrifuging ja
as described on p.l8. Maltose (1%) and urea (0.05%)
were then added to the liquild and a sample taken for pH
and N.,P.N, determingtions. The remainder was

incubated for about 4 hours at 39°C. At the end of this
time a further small sample was.taken for the estimatiop
of pH and N,P,N., and the remaining volume measured and
"eclarified" by passing it through a Sharples Super-
éentrifuge. The speed of the centrifuge was approximate-
ly 24,000 r.p.m. thereby giving a force of approximately
14,500 x gravity on the surface of the rotating bowl.
The liquid flowed through the centrlfuge at the rate of
about 3 litres per hour.

As the centrifuge slowed down, about 300 ml. of
liquid, rich in smaller bacterla flowed from the
botating bowl and were collected separately. The maln
bulk of the bacterial sediment adhered to the sides of
the bowl as a thick slime. The slime was scraped off,
immediately placed in alcohol, and the mixture of

sediment and alcohol ground in a mortar to produce a

fine suspension of the bacteria. (Shaking was not

sufficient to disperse the bacteria.) The bagcterisl




A record of the experiments made during the preparation
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TABLE

dried sample of rumen bacteria

¢
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suspension was then centrifuged and washed twice with
alcohol and twlce with ether, centrifuging between each
washing. The residue was transferred to weighed petril
dishes and the solvents allowed to evaporate, leaving
a fine greyish-white powder, which when examined under
the microscope was found to consist mainly of bacteria
and bacterial debris. The weight of the powder was
recorded.

The liquid which drained from the bowl of the
Sharples centrifuge as 1t came to a standstlll, was
poured into alcohol and treated with alcohol and ether
as already described for the main portion of the
bacteria., The resulting powder 1s referred to in the
present description of the work as "draining bowl

sediment".

A record of the whole series of experlments
is shown in Table 10. In the earlier batches the
draining bowl sediment was not recovered separately,'
but since it was finally mixed with the bulk after
chemical and microscopical examination, the experiments
were comparable throughout. The dry preparation from
each experiment was stored in a refrigerator until the
final batch was prepared. The bulked preparation was
then finely ground, passed through a 90 gauge wire

sleve and thoroughly mixed.
Analysis of the dried bacteria  Before all the batches

of dried bacteria were mixed, a random selection were

analysed for moisture, protein and polysaccharide.

Samples of the product obtained from the draining bowl
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liquid were also analysed separately. The latter werse
Tfound to be slightly richer in protein and poover in
polysaccharide than the main preparations. Samples of
the main material and of the draining bowl material were
examined by Mr. Frank Baker who has done so much work
on the microbiology of the rumen (e.g. Baker, 1943;
Smith and Bgker, 1944), He reported that the main
fractlion had a much higher count of macro- and micro-
lodophiles than the drailning bowl fraction, the latteri
consisting mainly of "mihute aniodophile or non-reactaﬂt
lodophile cocci and diplococci”, Since the poly-
saccharide content of the aniodophile bacteria tends to
be low this report agrees with the finding that the
polysaccharide content of the draining bowl fractlon
was lower than that of the other.

Since the object was to determine the nutritive
value of thé ﬁrotein of the mixed flora rather than of
any fraction of it, all the batches were mixed, ground
up, seived and analysed. The methods used for the
analysis have been described already on Dp. 24=27.

The results of the analysis are recorded in Table 11,
where they are compared with typical figures for dried
fodder yeast and for a typilcal concentrate feedingstuff),

linseed cake. It will be observed that the protein

and ash contents of the dried rumen preparation lay
between those of the linseed cake and the dried yeast,
while the carbohydrate content was of the same order for

all three,

The presence of so much phosphorus and pentose
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The composition of the bulk sample of dried rumen
bacteria compared with published values for dried

fodder yeast and for linseed cake, a typlcal con-

centrate feedingstuff

Dried Fodder Linseed
Composition| rumen Yeast cake
of dried bacteriaj (Braude,
rumen 1942)
bacteria Composition on dry weight
basis
% % Z %
Moisture 75 0.0 0.0 0.0
Crude protein .
(NX6 +25) 41.1 44 .4 52.6 33.2 :
Total carbo- |
hydrate other
than fibre 37.3 40,3 36,.1 40.0
Lipold matter 2.8 3.1 1.1 10,7
"Crude fibre" 0.3 0.3 0.9 10.2
Ash 6.6 7el 9.3 5.9
Total 95.6 95.2 100.0 100.0

Note:

The sample of dried bacteria
having 7.5% moisture containing
4,1% pentose which is included
in the carbohydrate figure of

37.3%.

ohosphorus and 0.27% calcium.,

It also contained 1.25%
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suggested that the preparation contained a fair
proportion of nucleoprotein. Since 1t has been stated
that the ordinary Kjeldahl procedure does not always
convert purine nitrogen to ammonia quantitatively, some
doubt existed as to whether the total nitrogen was
belng estimated. To ensure that purine rings are
broken down completely it is usual to heat the substance
with a strong oxidising agent such as "Perhydrol" in
bresence of sulphuric acid. This was done, but the
value obtained for the nitrogen was the same as by the
ordinary Kjeldahl process,

The high ash and phosphorus content of the
bacterial preparation is typical of that found for
yeasts (Table 11) and other organisms. For example
Guillemsn and Lgrson (1922) found 5.45% ash from the
fixed salts of B. Coll and of this 1.85% was due to
P50g not in combination with calcium. In the rumen
preparation there was 7.10% ésh, and of this 1.35% was
due to phosphorus snd 0,29% to calcium (Table 11). It
can be calculated, therefore, that the phosphorus
present as Caz(P0,)y amounted to 0.15% which leaves 1.2%
to be distributed between other substances such as
phosphatides, protein and nucleic acids. Assuming that
the pentose figure of 4.4% represents ribose
inéorporated in tetra-nucleotides it can be calculated

that the product may bave contalned as much as 9.45%

nucleic acid, which seems very high. Bolvin, Vendrely
and Tulasne (1947), however, in a review of the subject

concluded that the nucleic acid content of many
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different bacteris varied from 5 to 16% of their
dry weight.. Assuming that there was 9.45% nucleic
acid, this would contain 0.9% phosphorus and leave
0.3% distributed between substances such as protein
and phosphatides. Work on the nature of the nucleilc
acids of rumen bacteria is at present being planned.
It will be seen from Table 11 that the amount
of the dried preparation accounted for was 95.6%.
Repeated attempts have been made to identify the

remaining 4.4% but so far without success,

The proportion of the prepargtion synthesised during

incubation The preliminary tests mentioned on p. 50

indicated that the amount of protein synthesised during
incubation might represent about 34% of the total
protein in the preparation. This figure was only for
one test and it undoubtedly varied with different
samples of rumen 1iqﬁid. An estimate of the amount of
protein in the final pooled sample which was synthesised
during the variods incubations can be gained from the
data in Table 10, In the fifty-seven incubatlons for
which the results are recorded, the total amount of

N.P.N. converted to protein nitrogen was 12.6 g.

representing 78.8 g. protein. The total weight of the

dried preparation was 461 g. with a protein content of
41.,1%, the total amount of crude proteéin in the |
preparation being 189.4 g. It follows, therefore, tha?
about 58% of the bacterial protein was present f

originglly when the rumen liquid was taken from the
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rumen, and that about 42% was synthesised during
incubation.

The purity of the preparation Before experiments were

carried out to determine the nutritive value of the
dried bacterial preparation, 1t was important to know
whether the material was contamlnated to any significant
degree with feedingstuffs or feedingstuffs protein from
the rumen. The fact that the preparation consisted
mainly of bgcteria and bacterial debrils and that any
contamination which may have existed was very slight,
was indicated by microscopical examination and also by"
the following considerations.

(a) The "fibre" content of the preparation was
estimated by the method recommended by the 4ssoclation
of Official Agricultural Chemists (1945) as outlined on
P.26 and was found to be 0.,3%. Confirmation of this
figure was sought by the newer method of Whitehouse,
Zarow and Shay (1945) which is briefly described on
p.26. At the end of digestion by this latter method
there was no detectable amount of "fibre" on the filter
cloth, and this would normally lead to the conclusion
that no fibre was present in the sample belng analysed.

The filtrate, however, was cloudy and on centrifuging 1%,

Some so0lid material was obtained which on inclneration

gave a loss in weight equivalent to 2.1% of the originai

ample, It was possible, therefore, that if any fibre

£y

|
as present it was so finely divided that 1t passed E

hrough the filter cloth. To test whether this was
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likely to be so, the following procedure was sdopted.
Some of the sludge which was obtained by centrifuging
fresh rumen contents for 5 minutes at 2,000 r.p.m. and
which would certainly contain vegetable matter rich in
fibre was washed with alcohol and ether and dried. The
dry product was gfound in & mortar and passed through
the same sieve which was used in preparing the dried
rumen bacteria. The sleved material was then analysed
for fibre and was found to contain 10.5% of unhydrolysable
material which was retalned on the filter cloth. It is
probgble, therefore, that had the dried rumen bacteria
contained measurable amounts of fibre derived from the
feedingstuffs, this fibre would have been retained on
the filter cloth, and that the 2.1% of combustible
material which passed through the cloth but was
recovered from the filtrate when the batterilal
preparation was analysed, was not flbre.

It is interesting to note from the analytical
figures in Table 11 that dried yeast may contain as
mach as 0,9% "fibre", and since this could not possibly
arise from contamination with ordinary vegetable matter
1t lends support to the conclusion that the 0.3% "fibre!"
found by the official method in the rumen bacterial |

preparation in the present work was not necessarily of

dietary origin. Furthermore, it should be noted that
»
when Johnson et al., (1944) made a preparation of rumen

bacteria by growing certain strains on synthetic medium

|
I

from which feedingstuffs were absent, the product ;

contained 0.25% "fibre", whereas the preparation which



TABIE 12

The amount of N.P.N. and protein nitrogen extracted by

water and by rumen contents from feedinsstuffs under

varlious conditions

N extracted in mg./

Expt. Conditions of Feedingstuff | 100g.extracting liquid
extraction added . , .
N.P.N, | Protéein . s
N totalN
10g. feedingstuff |Bean meal 30.0 7345 103.5
extracted with
1 | obog. water at Bruised oats| 13,1 | 5.7 | 18.8
3[7°C for 2% hr. Dried grass | 17.3 2.7 20,0
Rpmen contents
alone Control 23.0 39.5 62.5
2 1R.5g. feedingstuff|Bean meal 46.6 44,5 90.9
stirred with 250g.
of rumen contents Mixture of
at 37°C for + hr., |[dried grass,
bean meal,
bruised oats}| 35.7 37 «8 7345
Rumen contents
alone Control 30,1 34 .9 65.0
3 5g. feedingstuffl Mixture of
stilled with 250g. {dried grass,
rumen contents at {bean meal,
3%7°C for 1 hr. bruised ocats| 34.8 32.2 67.0
Mixture of
concentrate
cubes, .
bruised oats
dried grass,1
bean megl 36 .4 33 o3 69.7
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the same authors made direct from rumen contents
contained 1.36%, a figure which may well indicate an
appreciable degree of contamination.

From the fibre content of the various
constituents of the rations which are listed on p. 50
1t can be calculated that the overall fibre content of
the diet which was fed in the present work was about 14%,
The value of 0.3% found by the official method for the |
dried rumen preparation indicates, therefore, that
contamination with feedingstuffs was very slight -
probgbly less than 2 or 3%.

(b) The possibility that the bacterial preparation
might contain protein derived direct from.feedingstuffg
without being contaminated with fibre was also
investigated. An experiment was first made in which
various feedinzstuffs were extracted with water at 37°C
for 2% hours. The feedingstuffs were removed by the
centrifuging procedure normally employed in this work
to remove vegetable matter from rumen liguild prior to
incubation, and the gmount of N.P.N. and protein nitrogen
remaining in the supernatant layer estimated. From the
results given in Table 12, it was concluded that beans
were the most likely consfituent of the rations to
cause serious contamination. The bean extract was

clarified in the Sharples centrifuge and the sediment

washed with alcohol and ether and dried in the usual wajy.
!

A white powder was obtained which was found to consist

of 97.3% protein, and to contain no appreciable amount

of carbohydrate or pentose. Furthermore this protein
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material was shown to be almost wholly soluble in 5%
saline, which makes it unlikely that 1t would be

centrifuged out of rumen liquid during the preparation!

of the dried bacteria., However, to test this possibility

ground beans were mixed with unstrained semi-solid rumen
ingesta to imitate the conditions in the rumen and
vigorously stirred for 15 minutes. The mixture was
then strained through muslin and centrifuged in the
usual way. A second aliquot of ingesta without
additlon of bean meal was treated similarly as a contrgl.
The resulting liquid was then analysed for N.P.N, and
protein. Once more it was shown that N.P.N, and proteiln
nitrogen had been extracted from the beans, but the
amount of protein nitrogen extracted was much less than
it had been with water (Experiments 1 and 2, Table 12)
The same test was made using a mixture consisting of
equal parts of bean meal, brulsed oats and dried grass,
instead of bean mealelone, and under these conditions
no protein nitrogen appeared to be extracted from the
feedingstuffs. In fact the value for the protein
nitrogen was only 37.8 mg. per 100 g. of extracting
liquid as compared with 39.5 in the control. 1In a
third series of experiments carried out to explore the
matter still further, bean meal was mixed with equal
parts of dried grass and bruised oats, all constituents

of the diet when the rumen bacterla were isolated, and

these three constituents with and without typical |
|
concentrate feedinzstuff cubes were incubated with rumen

ingesta for an hour instead of simply being stirred with



60

the ingesta for 15 minutes (Experiment 3, Table 12).
Agalin in this experiment no protein avpeared to be
extracted from the feedingstuffs by the rumen liquid.
These considerations confirm that any
significant amount of contamination with protein derivef
from feedingstuffs was most unlikely and that the dried
preparation consisted almost entirely of bacterila and

bacterisl debris.

The nutritive value of the protein of the bacterial

preparation Owing to the fact that small experimental

animals were not then available gt the Hannah Institute),
the bacterial preparation was sent to Dr., S.K. Kon and
Dr. K.M. Henry, the lNagtional Institute for Research in
Dairying at Reading, who kindly undertook to test its
nutritive value by feeding experiments with rats. The
method used was essentially that of Mitchell (1924,1)
and Mitchell and Carman (1926), the details of which
have been fully described by Henry, Kon and Wgtson (1937).
The bacterial preparation was fed to 12 female rats in
a diet of which it formed 18.1%, the remaining
constituents being cane sugar 15.0%, potato starch 10.0%,
rice starch 42.9%, margarine fat 10,0% and salts 4.0%.
The diet contained 8% protein all of which was supvlied
by the bacterial preparation. Illetabolic faecal nitrogen

and endogenous urinary nitrogen were estimated during

periods of 6 days before and after the 6 day experimental
period. The data supslied by Dr.Henry and Dr.Kon and the

biclogical values and digestipilities calculated from
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the data are shown in Table 13, The megn of the
biological values for the 12 individual rats was 88.2
and of the true digestibililty values it was 73.2.

Dlscussion

The value of 88.2 for the biological value of
the bacterial protein is high and compares favourebly
with values found by the same technigue for first class
protein of animal origin fed at a similar level., It is
considerably higher than that of 66 found by Johnson et
al. (1944) for their preparation, but it must be noted

that the American workers had only sufficient material

to feed to three rats and that one of the three individgal
values obtained by them was 56 while the others were 70 |

and 73. Moreover, the digestibility of thelr preparati4n
Was only 54.9% and this, considered together with the |
fibre content of 1.36%, (which has already been referreq
to on p.58), suggests that their preparation may have

peen seriously contaminated with products derived from
feedingstuffs, and so the low blological value which they

obtained may have been due to contamination with vegetable

protein.

The value of 73.2 found for the digestibility of
|
the bacterial protein in the present work is low compare@

ith the values usually obtained for common dietary }

roteins in similar experiments with rats, but it compares
ell with the figure of 74 obtalned some years ago by ;

Iitchell (19248)for the digestibillty of the nitrogen of
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yeast, and it may be that in the normal rumen the
digestlibllity of part of the bacterisl protein is
increased by being ingested by protozoa before it is
digested by the host animal. Whether this occurs or
not, the fact remains that the bilological value of 88
and the digestibility of 73 found in the present work

indicate a protein of relatively high nutritive value.

A Note on the Rumen Protozos

Recent work by Pearson and Smith (1943, 3) and
Smith and Baker (1944) showed that the protein synthesis
which occurs during in vitro incubations does not require
the presence of the rumen protozoa, It is possible,
however, that although the protozoa play no Important
part in the conversion of N.P.N. to protein, they may
render the bacterial protein more readily available to
the host animal by ingesting the protein and bullding
it into their own protoplasm. Certainly it would appegr
that a portion of the dietary protein may be utilized
and changed by the protozoa for it has been clalmed that
their numbers vary regularly with the protein content
of the diet (Mowry and Becker, 1930; Van der Wath and
Myburgh, 1941). To assess the importance of the
| protozoa in the protein metabolism of the rumen it will
be essential to know the biological value of their

' protein. Johnson et al.(1944) obtained biological

' values of 60 and 75 but their experiments involved only

2 rats and it is clear that more experiments on a

Plans have, therefore, been

larger scale are required.
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draﬁn up for preparing sufficlent of a éample of driédl
protozoa to enable a thorough test to be made, but this
section of the work 1s not yet sufficlently advanced to
describe here.

To ?repare the dried protozoa the rumen 1liquid
1s stralned through muslin and centrifuged for 5
minutes at 2,000 r.p.m. (centrifugal force, 800 x
gravity). The sludge so obtained 1s suspended in water
and allowed to sediment in a 2 litre cylinder. The
supernatant layer is then syphoned off and the white
layer of protozoa suspended again in water and the
process repeated several times in an attempt to remove
vegetable matter. The product is then washed twice with
alcohol and twice with ether and dried. So far, analysis
of the dry meterial shows it to contain 38% protein,
44% hydrolysable polysaccharide, 8% lipoid matter and
9% "fibre", It 1s of interest to note that poly-
saccharide is present 1in the protozoa in the rumen to
much the same extent as it is present in the bacteria
after incubation in the presence of sugar (Table 11),
The value of 9% for the "fibre" content may be due in
part to contamination with feedingstuffs but it may alsp
result partly from the fact that the protozoa are known
to ingest small vegetable particles which can commonly
be seen inside the organlsms when examined microscopically

(see Baker, 1943).
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Conclusions and Summary

Abdut 460 g. of dried rumen bacteria have been
prepared. Some 42% of the protein of this preparation
was synthesised from N.P.N. during in vitro incubation;
the remainder being present ih the bacterla when they
were removed from the rumen., Microscopical and
chemical examination of the material suggested that
there was very little contamination from feedingstuffs,
The similarity in composition between this preparation
and a preparation of food yeast has been noted,

The results of biological value and dligestibility
trials with rats receiving a diet containing 8% of
protein supplied by the bacterlal preparation showed
that the bilological value of the bacterial prq%ein was
88.2% and the digestibility 73.2%. From this it is
concluded that microbial protein passing from the rumen
to the other stomachs and small intestine of the
ruminant becomes available to the host animal and that
it is 1likely to be of high biologzical value to the host.

FPurther work 1is required to determine the
amount of bacterial protein which becomes available to
the animal in a given time, and to determine more

. exactly the conditions in vivo which encouwrage the

maximum use of N.P.N. for protein synthesis by the

bacteria.

Work similar to that described for the rumen

bacteria has been begun with rumen protozog.
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Part ITI. The Effect of Animal Nanagement

Factors on the synthesising Power

of Rumen Liquid in vitro

Introduction

In the earlier work of Pearson end Smith (1943,
3), and also in the present work, it was observed that
_when samples of rumen liquid were incubated for a perilpd
of 4 hours under strictly controlled conditions, the
amount of protein synthesis which occurred per 100 g.
rumen liquid varied greatly from sample to sample.

Thus on one day there might be a synthesis equivalent

to 10 mg. N per 100 g. rumen liquid, whereas on another
day the synthesis might be equivalent to only 2 mg. !
N/100 g. Differences in "synthesising power”, whatevef
their cause, may be of great importance in the l
utilization of N.P.N, by the ruminant, and certainly a
brief glance at the literature dealing with the subject
of N.P.N. utilization confirms the view that the amount
of N.P.N., which appears to be converted to protein can

vary greatly from one animal to another and from one

set of experiments to another. lNMcAnally (1943) working

Uy

with rumen contents in vitro noted that the rate of

W

fermentation depended on three factors, namely the typ¢

of carbohydrate being fermented, the concentration of !

|
the carbohydrate and the nature and time of withdrawal |
of the rumen contents from the rumen. The first two E

factors can be controlled in the laboratory, but the
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third 1s connected with the management of the fistula
animals, Furthermore, Elsden (1945-46) when studying
the fermentation of glucose in vivo showed that when

poor quality hay was belng fed and the animal was in

relatively poor condition, glucose Introduced into the!
rumen was fermented very slowly, but substltution of |
good quality clover hay for that previously fed resultid
in rapid fermentation of glucose similarly administered.,
The work described in the present and following
sections (Parts 3 and 4) was planned with the object
of determining sone of the factors which affect the
"synthesising power" of the rumen liquid, the pfesent

section being devoted mainly to what may be termed

animal management factors,

Exper imental

l. The position in the rumen from which the sample

is taken In earlier work Pearson and Smith (1943, 1)
found great difficulty in obtaining representative
samples of the material in the rumen. The composition
differed considérably when samples were taken from
different positions in the paunch. It was for this
reason that the present technique was evolved of taking

as 1liquid a sample as possible and stralning it through

muslin before using it for in vitro incubations. Befoﬁe

carrying out the following experiments, it was felt ‘
desiragble to determine whether the nitrogen vartition i

in the strained liquid varied appreciably according to

the position from which the sample was taken. The four



The analysis of four samples of rumen liguid all

TABIE 14

obtained at one time from four different positions

in the rumen

H {Totdl |{N.P.N, {Protein | NHz-N
The position from P oNa N Gl
which the sample was by diff- |
taken erence !
(Mg. N¥/100g. rumen liguid)
1, Half-way down into

the rumen at the
eosephageal end

Half-way down into
the rumen at the
end furthest from
the eosophagus

Deep in the rumen
Near the surface

of the rumen
contents

7.10

7.19
7412

7.0

76 .8
8l.6

102.5

20.6

21.8
20.4

. 2342

53.2

55.0
61.2

79 .3

14.5

15.0
15.1

16.6 |




67

samples of liquid detailed in Table 14 were removed
from four different positions in the rumen and thelr
content of total nitrogen, N.P.N. and ammonia-nitrogen
determined. The results recorded in Table 14 show that
the sample taken from near the surface had a higher

protein content than the others but that the N.P.N. and

ammonia contents were much the same for all the sample?,
and since protein synthesis seems to involve the ammonia

only (Pearson and Smith, 1943, 3) it is most unlikely

|
that it matters from what part of the rumen the 1iqu1di
is taken. |

2. The time at which the sample is taken The coursé
of fermentation in the rumen as it changes throughout T
the day has been followed by various workers. The |
decrease in pH and the formation of volatile fatty aciqs
are -greatest in the few hours following a meal, when
fefmentation appears to be at its peak, the exact time
ldepending on the nature of the feed. (Monroe and
Perkins, 1939; Hale, Duncan and Huffman, 1940;
'Phillipson, 1942). In this connection also, Johnson
et al. (1944), who made counts of the rumen fauna and
flora during the 24 hours followlng a meal, demonstrated

that the greatest humber of bacterla occurred approximately

one hour after feeding. Experiments were carried out,

therefore, in the presant work to determine whether the

synthesising power of the rumen liquid was also greateét

one hour after feeding. |
!
|

Samples of rumen contents were removed just

prior to feeding and then one hour and approximately
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4% hours after food had been ingested. The material waL
strained through muslin and cenfrifuged as described on
p.18, Maltose (1%) was added to each sample of rumen
liguid and it was then divided into two portions. One
portion was incubsgated without added urea and the other
with the addition of about 50 mg. urea per 100 g. rumen
liguid. The rumen contents used for Experiments 1 and
2 were obtained from a bullock with a filstula, whereas
the material used for Experiments 3, 4 and 5 was obtained
the following year from a cow with a fistula, The
results of these five exper iments are recorded in
Table 15.

The effect of adding urea will be discussed
later. The‘main points to be observed from Table 15
at this stage, are that the amount of synthesis obtained
in all but the first experiment was very much greater
one hour after a meal than 1t was either just before thp
meal or 4% hours after it, and that for all five .
exper iments the pH change occurring on incubation
suggested that the formation of volatile fatty acids
was also greatest for the sample taken one hour after a
meal. In general, therefore, 1t may be concluded that
the activity of the rumen liquid, including its !

"synthesising power™, is greatest just after a meal,

This agrees with the finding of Johnson et al. (1944)
that the number of bascteria in the rumen contents is |
also greatest at that time.

|
i
i

3. The effect of the nature of the diet on the levels




TABIE 16

The effect of adding N.P.N. to the rumen ligulid

on the amount of synthesis obtained

E#periment Amount of | Initial Final Synthesis
No. N.P.N, N.P.N, N.P.N.
sdded (2) (v) (a - v)
mg. N/ 100 g. Rumen liquid
0.0 11.5 11.0 0.5
8.0 19.5 17.3 2.2
' 18.8 30,3 2247 7.6
51.0 62.5 55.0 745
0.0 5.2 4.5 0.7
20.3 25.5 24.1 1.4
2 27.6 32.8 30.1 2.7
48.0 55.2 52.0 1.2
0.0 16 .8 16.1 0.7
5 3.9 20,7 19.8 0.9
0.4 26 .2 24 .4 1.8
19.7 36 o5 31.9 4.6
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of N.P.N, and protein in the rumen liquid ahd on its

synthesising power It was thought possible that the

synthesising power of a sample of rumen liquid might b

related to the level of protein, N.P.N. or ammonia which

it contained, and that this in turn might depend on th
nature of the diet of the host animal. A series of
experiments was planned, therefore, with the object of

collecting information on this aspect of the subject.

In a preliminary test, a sample of rumen liquid

of relatively low N.P.N. content and containing 1% of

added maltose, was divided into four portions. One of

the portions was incubated without any further additioﬁ,

while the others were incubated after different amountg
of urea had been added. The results recorded in Table
16 for the first experiment show that for this

particular sample the synthesis was negliglble when no

N,P,N, was added, but that when the N.P.N. level was

inereased from 11.5 to 30.3 mg./100 g. rumen liquid, an

amount of synthesis occurred which was equlvalent to
7.6 mg. nitrogen per 100 g. rumen liquid. On raising
the N.P.N. level further, however, to 62.5 mg./100 g.

there was no further increase in the amount of synthesi

As would be expected, therefore, there is a limit to

the amount by which the synthesis can be enhanced. Thi

general increase in the amount of synthesis on raising
the N.P.N. level was also observed in two other

experiments of a similar type for which the results are

also recorded in Table 16.

S.
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In vliew of this relationship which appeared to!
exist between the level of N,P.N. and the amount of |
synthesis produced, it was decided to keep the fistula
animals on a series of different diets for periods of
several weeks and determine whether the level of N,.P.Nj
gnd ammonia in the rumen liguid varied with different |
diets and whether the synthesising power of the llquid
was related to any variations which might be observed.
With this object in view the nitrogen partition was

determined in a nurber of samples taken from the rumen

when different diets were being fed. The pH of the

rumen conbtents on their removal from the rumen was als

o
noted. Except when the animals were grazing the samp1$s
were taken from the rumen about 1% hours after the é
animals had been fed. Each diet was fed for some daysi
before sampling was begun in order to ensure that the
conditions in the rumen corresponded to that particu1a$
diet. : '
Means and the standard error of the means have,
been calculated for the numerous results which were
obtained, and are shown in Table 17. The following
general observations were made. 1l. For any one type
of diet, the N.P.N. level in the rumen liquid variled
considerably from day to day. Thus on diet A, for

|
|

example, the values ranged from 6.4 to 25.8 mg./100 g.

rumen liquid. 2. The N.,P.,N. level when the animals
|

were receiving grass was generally much higher than |

when the animals were stall-fed. This tendency has been

noted many times in the course of the present work.



TABLE 18

The nitrogen partition in centrifuged rumen liguid

when a number of different diets were being fed

(Before analysis the rumen liquid was centrifuged to
remove protozoa and most of the dietary vegetable matiter)

Composition of centrifuged
Ration {No. of
¥ |samples (mg.N/igggf %i%:idliquid)
analysed
Total N N.P.N,} Protein
N
(a) (b) (a=b)
A 3 Mean 27 .9 17.1 10.8
Standard
error of '
mean + 2.81 +1.97 | + 1.16
B 12 Mean 32,0 12 .3 19.6
S EM. + 1.17 + 0,73 + 0,73
E 8 | Mean 27 .8 12.8 15.0
S.E.M, + 2.88 + 2.00 + 1.46
F 12 Mean 25,9 11.1 14.8
S.E.M. + 2.13 + 1.66 | + 1,04
H 2 Mean 21 .6 5.4 16.2
S.E.M,. * 2.00 + 0,20 + 1.80
J ) Mean 6007 2005 4:0.4
S.E.M, + 3.70 + 2.45 + 5,19

¥ See Table 17. ‘
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3. The inclusion of turnips in the rations (diet A)
may have tended to increase the N,P.N. level slightly.
4, On all the diets, from 43.4 to 95.6% of the N.P.N.
consisted of ammonia, the average being 72.9%.

5. There appeared to be no relationship between N.P.N.
level and the pH of the rumen 1liquid.

With all the diets, the flgures for the total
nitrogen of the rumen liquid varied greatly from samplg
to sample, but this would be expected since 1t has been
found that even after stralning samples through musling
the proportion of liquid to finely divided solld matten
present in the samples varies very considerably.

The results which have just been dlscussed were
obtained by analysing rumen liquid which had been

strained through muslin to remove larger vegetable

particles, but which had not been centrifuged, anmd it wFs

thought possible that a relationship might be found to
exist between the nature of the diet and the protein
level in a sample of rumen liquid, provided the liquid
were first centrifuged for 5 minutes at 2,000 r.p.m.
(centrifugal force, 800 x gravity) to remove the
protozoa and most of the diletary vegetable matter.
| Portions of g number of the samples which were used for
obtaining the data in Table 17 were therefore centrifug
and the total and non-protein nitrogen in the centrifug
liquid determined. The results summarised in Table 18
led to the following conclusions. 1. As with the
uncentrifuged liquid, the highest N.P.N. values were

obtained when the animals were grazing (Diet J).
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