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ABSTRACT

STUDIES ON RUMEN METABOLISM

by

JOHN ALDEN ROBERTSON

The present study has been concerned primarily with the effects of
supplementary lipid on protein and carbohydrate metabolism in the rumen
and with the degree of hydrolysis and hydrogenation of lipids by rumen
microorganisms. In addition, in vivo and in vitro experiments were car-
ried out to determine the effect of the addition of soluble carbohydrates
on the concentrations of fermentation end-products.

In the early part of this work, the effect of 1lipid on protein and
carbohydrate metabolism was investigated in rumen-fistulated twin cows
fed freshly-cut pasture. Linseed and whale oil were used as supplementary
sources of lipid., The infusion of either oil into the rumen resulted in
reductions in feed intake and in the concentrations of acetic and butyric
acids. Concentrations of propionic acid remained at or above those found
during the pretreatment periods. Added linseed oil also resulted in in-
creased concentrations of ammonia in the rumen. Further investigation
led to the observation that 1ipid depressed cellulose digestion and
inhibited rumen motility.

Lipid, incubated with rumen liquor obtained from animals fed freshly-
cut pasture and with ryegrass Jjuice extract, increased the concentrations
of ammonia and propionic acid but had no consistent effect on gas produc-
tion or on the concentrations of acetic and butyric acids. Following the

replacement of the grass Jjuice extract with grass fibre, lipid decreased



the formation of acetic acid and the digestion of fibre, increased the
formation of propionic acid but had no effect on the concentration of
ammonia.

The hydrolysis and hydrogenation of grass and clover lipids and of
linseed oil were followed in conjunction with some of the above in vivo
and in vitro experiments. Mono- and diglycerides, in addition to fatty
acids, were found in the rumen liquor after infusion of linseed oil into
the rumen. The proportions of linoleic acid found in rumen liquor 6.5
hr. after infusion of o0il were above normal but the proportions of lino-
lenic acid had returned to about the prefeeding level in this time. The
free fatty acids were more saturated than the unhydrolyzed triglycerides
but the proportions of unsaturated fatty acids in the partially hydro-
lyzed glycerides were not greatly different to those of the triglycerides.
Rapid hydrogenation of the constituent unsaturated fatty acids of linseed
0oil also occurred in vitro.

In the in vivo experiments in which starch was added to the rumen of
cows fed pasture containing one of two levels of nitrogen it was found
that the added carbohydrate brought about marked reductions in ammonia
concentrations but had no consistent effect on total volatile fatty acid
concentrations.

Incubation of each of a series of soluble carbohydrates with rumen
liquor and ryegrass Jjuice extract for periods of up to 3 hr. showed that
galactose, glucose, sucrose, lactose, galacturonic acid, xylose and L-
arabinose were readily fermented but that D-arabinose was not. A close
relationship was found between the rate of fermentation, the degree of

ammonia utilization and the production of volatile fatty acids.
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INTRODUCTION

'For at the bottom of the gullet there is a
double Orifice; wWhat is first received at
the mouth descendeth into the first and
greater stomack, from whence it is returned
into the mouth again; and after a fuller
mastication, and salivous mixture, what
part thereof descendeth again, in a moist
and succulent body, it slides down the
softer and more permeable Orifice, into the
Omasus or third stomack; and from thence
conveyed into the fourth, receives its

last digestion. The other dry and exuccous
part after ruminating by the larger and
stronger orifice beareth into the first
stomack, from thence into the Reticulum,

and so progressively into the other divisions.'

SIR THOMAS BROWNE, !'The Garden of Cyrus', 1658.

With the population of the world expanding at a hitherto unpre-
cedented rate, efficiency in the production of food is becoming
increasingly important. The ruminant is not as efficient a converter
of feed as are most of the other classes of domestic livestock and

poultry. However, it does possess the ability to digest cellulose.
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Indeed, the primary function of the rumen is to provide a site for
the digestion of the complex polysaccharides of pasture herbage by
enzymes associated with the rumen microorganisms. As a result,
energy is available to the host from a source which is largely un-
available to non-ruminants. In addition, protein, 1lipid and the
remaining carbohydrate constituents of the feed all undergo extensive
modification by the rumen microflora. An understanding of the type
and the extent of these changes would, therefore, be of the greatest
importance to any attempt to improve the feed efficiency of the
ruminant.

Of the various groups of nutrients present in feeds, the lipids
have received least attention. This has been due, in part, to the
limitations of the techniques available for fat analysis and also to
a lack of interest in lipids because of their relatively small con-
tribution to dry matter intake. However, adequate techniques have
recently been introduced, gas liquid chromatography being among the
most useful, and the vast surplus of tallow in North America has
stimulated interest in the inclusion of fat in animal rations as an
inexpensive source of energy. Vegetatle and animal oils and fats
have also proved useful in the prevention and control of pasture
bloat (Reid & Johns, 1957). The need for more information on lipid
metabolism in the rumen is, therefore, evicdent.

Information on the relationship between the protein and carbo-
hydrate content of the feed and the subsequent metabolism of these

constituents in the rumen is also very limited. It is known, however,
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that the inclusion of soluble carbohydrates improves the utilization
of dietary nitrogen and thst, under certain conditions, the addition
of supplementary protein will improve the utilization of carbohydrate.
In New Zealand, ruminants exist almost entirely on pasture herbage,
in which the relative proportion of protein to carbohydrate has been
found to show considerable seasonal variation (Johns, 1955a).

The present study has been concerned primarily with the effect
of supplementary lipid on the concentration in the rumen of various
fermentation end-products and the degree of hydrolysis and hydrogena-
tion of lipids by rumen microorganisms. In addition, an investigation
was carried out to determine the effect of the addition of soluble
carbohydrates on the metabolism of protein and carbohydrate by rumen
microorganisms. Before proceeding to an account of this work, brief

reference to the relevant literature is made.



REVIEW OF LITERATURE

A. Metabolism of Iipids by Ruminants

1. Lipids of Pasture Species

The ether extractible portion of roughages generally constitutes
between 2 - 6% of the dry matter (Morrison, 1956). This portion is
composed mainly of a mixture of glycerides, free fatty acids, sterols,
waxes and phospholipids. 1In pasture species, approximately half the
total lipid consists of fatty acids (Garton, 1960; Hawke, 1963) of
which most is in glyceride combination. Weenink (1959, 1961), Benson,
Wintermans & Weiser (1959), Garton (1960) and Shorland (1961) have
shown that, in various pasture species, most of the acetone-soluble
lipids are present, not as triglycerides as was originally believed,
but as galactolipids. Shorland, Weenink & Johns (1955), Weenink
(1959, 1961), Garton (1960), Shorland (1961) and Hawke (1963) have
all found that the unsaturated long-chain fatty acids, particularly
linolenic, constitute a very high percentage of the total fatty acids
of pasture speciss. Concentrates of vegetable origin (eg. barley,
oats) have also been shown to contain triglycerides with a high pro-

portion of unsaturated fatty acids (Dahl, 1958).

2. Digestion and Metabolism of Iipids

It has been estimated (Hawke, 1963) that a cow =ating 20 1b, of
dry matter/day could consume over 700 g. of lipid. This material is
then modified by the microorganisms in the rumen in three main ways:

(a) hydrogenation (b) hydrolysis and (c) fermentation of the
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glycerol released on hydrolysis.

(a) Hydrogenation

Ruminant depot fats are recognized as being 'hard' fats
and their fatty acid composition remains relatively unchanged
regardless of the nature of the diet. The milk of ruminants
also tends to contain a higher proportion of saturated acids
than that found in the diet (Hilditch & Thompson, 1936). It
had been apparent, therefore, that hydrogenation was occurring
but it was not until Reiser (1951) demonstrated that linolenic
acid was converted to linoleic acid by rumen contents of sheep
that the rumen became implicated as the possible major site of
hydrogenation. Willey, Riggs, Colby, Butler & Reiser (1952)
observed that the depot fat of steers fed cottonseed oil con-
tained more stearic and less oleic acid than that from steers
which received no oil. They suggested that hydrogenation of
the fatty acids occurred in the rumen, the resulting saturated
fatty acids being subsequently absorbed and deposited. Reiser
& Reddy (1956) examined the rumen contents of goats after
slaughter, two of which had been on a diet containing 104 cotton-
seed oil and two on a diet containing 10% linseed oil. Lower
levels of linolenic and linoleic acids were present in the
ingesta than in the feed and were accompanied by increases in
levels of oleic and saturated acids. In contrast, the propor-
tion of unsaturated fatty acids in the depot fat of young calves

without a functional rumen increased considerably following the
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feeding of linseed oil (Hoflund, Holmberg & Sellmann, 1956a).
Tove & Mochrie (1963) showed that when cottonseed o0il was in-
fused intravenously into Holstein cows there was a dramatic
increase in the linoleic acid content of milk fat, indicating
that hydrogenation outside the rumen was not a significant
biochemical process.

A number of workers (Shorland et al., 1955; Hoflund, Holm-
berg & Sellmann, 1956b; Shorland, Weenink, Johns & McDonald,
1957) have shown that when linolenic acid is exposed to mixed
cultures of rumen bacteria, either in vivo or in vitro, it is
first reduced to the conjugated diene, then to the monoene and
finally to stearic acid. Wood, Bell, Grainger & Teekell (1963),
using labelled linoleic - 1 - Clu injected into the rumen of
sheep with a ligated reticulo-rumen orifice, found that 85 -
96% of the activity was still present in the rumen after 48
hours. O©Of this, only 3 - 6% was the original linoleic acid.
Approximately 45% had been hydrogenated to saturated acids and
33 - 50% hydrogenated to oleic or elaidic acids. Wwright (1960)
noted the specificity of bacterial enzymes for the more unsatur-
ated acids. Polan, McNeill and Tove (1964) observed that stearic
acid was not produced from linoleic acid until the proportion
of mono-unsaturated acid present exceeded that of linoleic acid.
They concluded that two systems were involved in the complete
hydrogenation of linoleic acid, one specific for its conversion

to the mono-unsaturated state and the other specific
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for the subsequent formation of stearic acid.

Garton, Lough & Vioque (1961) found that the free fatty
acids released on hydrolysis were more saturated than the cor-
responding triglycerides, indicating that hydrogenation proceeds
more rapidly in the free state than in the combined.

Shorland et al.(1955) were the first to observe the forma-
tion of trans-isomers of the long chain fatty acids by rumen
microorganisms and, in later work, Shorland et gl‘(l957) found
that conversion of oleic, linoleic and linolenic to trans-
isomers amounted to 17%, 48%, and 67%, respectively, of the
acid added. Positional isomers, particularly of linolenic
acid, were also formed.

Wright (1959, 1960) has shown that both bacterial and pro-
tozoal fractions of rumen contents are capable of hydrogenating
the unsaturated long chain fatty acids. Detailed work on the
organisms responsible is very limited but Gutierrez, Williams,
Davis & Warwick (1962) using washed suspensions of two species
of protozoa isolated from the rumen, Isotricha prostoma and
Entodinium simplex, found that both species were capable of
concentrating stearic, oleic, linoleic and palmitic acids.

I. prostoma suspensions converted oleic acid to a substance
identified chromatographically as stearic acid. A strain of

the bacterial organism, Butyvibrio fibrisolvens, was found to

effect hydrogenation of one of the two double bonds of linoleic

acid (Polan et al, 1964).



(b) Hydrolysis
Garton, Hobson & ILough (1958), in addition to observing

hydrogenation of linseed oil by rumen organisms, noted that
more than 75% of the total lipid recovered at the end of the
fermentation was present as free higher fatty acids. Since
no lipolytic activity was found following the incubation of
linseed oil with rumen contents which had previously been
heated to 90° for 1 hr, or with sheep saliva, it was concluded
that the microorganisms must be responsible for lipolysis. Free
fatty acids in rumen contents from animals fed a variety of
diets, usually represented between 50 - 60% of the total lipids.
On examining the rumen contents of a sheep previously fed on a
diet containing linseed oil (40 g/day) and which had been
killed 7 nr. after the last feed, these workers also found
that 80 - 90% of the lipid was present as free fatty acids.
In more detailed in vitro work, Garton, Lough & Vioque (1959,
1961), Allen, Hill, Hammond & Jacobson (1959) and Wright (1961)
found wide variations (15 - 90% for linseed oil) in the amounts
of free fatty acids released after incubation for 22 or 24 hr,
of either (a) different lipids or (b) the same lipid but incu-
bated with rumen liquor obtained on different days or from
different animals.

The work of Garton et al, (1961) and Wright (1961) suggested
that the rate of hydrolysis of various triglycerides may be

inversely proportional to the chain length and degree of
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saturation of the constituent acids.

Hill, Saylor, Allen & Jacobson (1960) found that a greater
degree of hydrolysis (10 ml,rumen liquor hydrolysed as much as
96% of 0.5 g.of soybean o0il in 24 hr.) occurred under an atmos-
phere of CO, or air than under N, and that the activity was
higher in samples of ingesta removed Jjust prior to the morning
or afternoon feeding than at any other time. Activity was also
higher in rumen ligquor from animals fed lucerne pasture than
from animals on dry feed.

No intermediates (mono and diglycerides) in the fermenta-
tion of triglycerides have been reported.

Hobson and Mann (1961) succeeded in isolating bacteria
from the rumen contents of sheep, which hydrolysed glycerides
in vitro. The organisms were small, curved, Gram-negative rods
which were strictly anaerobic.

(¢) Fermentation of Glycerol

It is evident that a considerable proportion of the hydroly-
sis of glycerides occurs in the rumen, thereby releasing glycerol
as a potential substrate. Johns (1953), in both in vivo and in
vitro trials, found that glycerol was fermented by rumen micro-
organisms but at a much slower rate than glucose. Propionic
acid appeared to be the main end-product. Garton et al.(1961)
reported that glycerol, arising from the hydrolysis of trigly-
cerides in vitro, was almost completely metabolized. Propionic

acid was the major end-product but did not account for more
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than about half of the glycerol fermented. Bacteria responsible
for glycerol fermentation in the sheep rumen have been isolated

and identified as Selenomonas ruminantium var. lactilyticus

(Hobson & Mann, 1961). These organisms produce mainly propionic

acid and small amounts of lactic and succinic acids.

3. Effect of Supplementary Iipid on the Digestibility of Other

Nutrients

The inclusion of fat as a source of energy in ruminant rations
and its use as a bloat preventative raises the question of its effect
on the digestibility of other nutrients. This effect appears to
depend on the nature of the diet.

On feeding two levels of fat (approximately 3 and 7.5% of dry
matter) to steers on a finishing ration, Willey et al.,(1952) found
that feed efficiency was improved but that there was no change in
the rate of gain. The addition of 7% fat to a pelleted finishing
ration for steers was reported by Erwin, Dyer and Ensminger (1956)
to have significantly increased rate of gain. Hale, Mueller,
Culbertson & Hammond (1956) found that 3% fat added to finishing
rations for lambs produced a slight increase in both feed consump-
tion and rate of gain. However, at a level of 10%, stabilized
tallow had no significant effect on rate of gain, feed efficiency
or feed consumption of sheep on a finishing ration (Jordan, Croom &
Hanke, 1958). Therefore, the addition of fat (<<10%) to high quality

rations for ruminants is of some benefit.
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The effect of supplementary lipid on the digestibility of high
fibre rations is apparently somewhat different. Brooks, Garner,
Gehrke, Muhrer & Pfander (1954) reported that the addition of 32 or
64 g. corn oil daily to a ration composed mainly of cottonseed hulls
significantly reduced cellulose digestibility. When corn oil (10 -
170 mg.) was added to 1 g. of dry matter containing 50% cellulose, in
vitro cellulose digestion was reduced by 40 - 94%. In sheep on a
similar ration, Pfander & Verma (1957) found that the addition of
corn oil to the ration (46 g./day) depressed the digestibilities of
organic matter, cellulose and nitrogen. However, if the oil was
administered via a rumen fistula, there was no change in digestibility
compared to the basal ration.

White, Grainger, Baker & Stroud (1958) supplemented high-fibre
sheep rations with 5% corn oil and reported a progressive reduction
in the digestibility of cellulose during the first 40 days of the
trial. Brethour, Sirny & Tillman (1958) reported a reduction in
weight gains and digestibility of dry and organic matter following
addition of 10% maize oil or 15% animal fat to shesp rations contain-
ing cottonseed hulls. When beef fat or peanut oil was incorporated
into a pelleted basal ration (lucerne and grain mix) at levels of
from approximately 3 - 10%, Buysse (1962) found that at levels greater
than 5%, the digestibility of crude fibre was reduced. There was no
effect on digestibility of dry matter, organic matter, protein, or
nitrogen-free extract, and digestibility of ether-extract increased.

The precise mode of action of lipid on cellulose digestibility
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is thus uncertain. Several workers (Brooks et al, 1954; Pfander &
Verma, 1957; Ward, Tefft, Sirm, Edwards & Tillman, 1957) have sug-
gested that the depression of the digestibility of cellulose was

due to the presence of a coating of fat on the fibrous part of the
diet which acted as a physical barrier to the action of microbial
enzymes on cellulose. However, White et al.(1958) found that cel-
lulose digestibility was not completely restored until 17 days after
the removal of oil from the ration and interpreted this to mean that
bacterial activity must be affected by the fat. Brooks et al.(1954)
and Ward et al.(1957) found that lucerne ash was effective in resbor-
ing cellulose digestibility. White et al.(1958) noted that calcium
ions alone were as effective as lucerne ash in this respect and
proposed that the cellulose depressing effect was due to the formation
of a calcium-lipid complex which has been shown to occur in rats
(Swell, Trout, Field & Treadwell, 1956).

Very little work has been reported on the effect of supplementary
lipid on the concentration of fermentation end-products in the rumen.
Chalmers (1960) found that the addition of oil to a ration which con-
tained 3% or less nitrogen resulted in a depression in rumen ammonia
levels, whereas, when added to rations with a nitrogen level of 4.5%,
an increased concentration of ammonia resulted. Jayasinghe (1961)
observed that 10 - 15% fat (groundnut oil) added to a protein supple-
ment for sheep rations containing 3% nitrogen reduced the concentra-
tion of ammonia in the rumen.

The finding of Johns (1953), Garton et al.(1961) and Hobson &
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Mann (1961) that glycerol was fermented in the rumen and that pro-
pionic acid was the main end-product, suggested that a change in the
relative concentration of the wolatile fatty acids (VFA) in the rumen
following the addition of supplementary oils or fats might be ex-
pected. Shaw & Ensor (1959) noted that the inclusion of 300 ml/day
of cod-liver oil, oleic acid or linoleic acid in a dairy cattle ration
of lucerne hay and mixed concentrates decreased the molar proportion
of acetic acid and increased the molar proportion of propionic acid.
Linoleic acid had the greatest effect (acetic acid decreased from
78.9 - 52.2% and propionic acid iacreased from 9.9 - 29.9%). 1In
addition, all three lipid supplements increased total VFA concentra-
tions. Since linoleic acid apparently effected a greater change in
the proportion of acetic to propionic acid than did cod-liver oil
and since the total concentration of acids rose, propionate must
have been formed from some source other than glycerol. Elam,
Gutierrez & Davis (1960) could not detect any significant effect on
either the total concentration or the proportions of VFA in the
rumen, of the addition of 4 or 8% soybean o0il to a basal finishing
ration for steers. However, with the basal ration, the proportion
of acetic acid was relatively low and of propionic acid relatively
high representing 50 and 35% of the total acids, respectively. In
later work, Elam and Davis (1962) found that the proportion of pro-
pionic acid increased if soybean oil, at a level of 8% of the weight
of feed consumed, was given as a drench before each feed, whereas

the same level, mixed with the feed, had no effect on acid proportions.
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The difference was probably due to an effect on fermentation of the

mich higher concentration of oil present in the rumen after drench-

ing.
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B. Metabolism of Nitrogenous Compounds and

Carboydrates by Ruminants

1. Metabolism of Dietary Nitrogen

The fate of dietary nitrogen in the rumen has recently been
reviewed by several workers, including Lewis (1961), Chalmers (1961)
and McDonald (1962) and only a general outline will be given here.

Chalmers & Synge (1954) and Johns (1955) found that of the total
nitrogen in forage and in most other feeds commonly fed to ruminants,
80% or more is usually present as protein - the balance being dis-
tributed among various non-protein nitrogenous compounds such as
free amino acids, peptides, nucleic acids, purine and pyrimidine
bases, urea, nitrate and ammonia (NH3). The level of nitrogen in
these feeds can vary immensely. For example, oat straw generally
contains less than 1% nitrogen, whereas immature ryegrass can contain
more than 5% nitrogen. Protein supplements, such as oilseed or meat
meals, usually have 5% or more nitrogen.

Sym (1938) and Pearson & Smith (1943a) were among the first to
demonstrate that the microbial fraction of rumen contents possessed
proteolytic activity. Pearson & Smith (loc. cit.) found that casein
and gelatine were hydrolyzed in vitro, but when blood meal, a less
water-soluble protein supplement, was used as a substrate, there was
a net protein synthesis. Solubility was, therefore, considered an
important factor in determining the degree of hydrolysis in the rumen.

In more recent years, numerous other workers (McDonald, 1954; Chalmers,
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Cuthbertson & Synge, 1954; Annison, 1956; McDonald & Hall, 1957;
Blackburn & Hobson, 1960) have further substantiated.this observation.
However, some exceptions were noted by these workers. Hendericks &
Martin (1963) have since demonstrated that solubility of proteins

in synthetic rumen fluid was a more accurate index of the rate of
hydrolysis in the rumen.

Since the concentration of free amino acids in the rumen is
usually low (McDonald, 1952; Annison, 1956) and since NH3 usually
represents the major form of soluble nitrogen (McDonald, 1948;
Annison, Chalmers, Marshall & Synge, 1954) it was concluded that
either the amino acids were utilized as such, or were deaminated
very rapidly by the rumen microorganisms. More recently, Lewis &
McDonald (1962) demonstrated that almost all amino acids are de-
graded to some extent by washed cell suspensions and to a greater
extent in the presence of rumen fluid. It is now recognized that
NH3 is the major nitrogenous end-product of proteolysis in the rumen.

Ammonia is also the major nitrogenous end-product of the degrada-
tion of non-protein nitrogen. Pearson & Smith (1943b) found that
rumen contents had a high urease activity; Lewis (1951) demonstrated
the conversion of nitrate to ammonia in witro; Doetch and Jurtshuk
(1957) reported that xanthine, guanine hydrochloride and uric acid
could be completely degraded to ammonia, carbon dioxide and acetic
acid.

The work of McDonald (1948) and Bouckaert & Oyaert (1952)

showed concliusively that NH3 was absorbed from the rumen. Lewis,
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Hill & Annison (1957) found that NH3 levels in the portal blood of
sheep on different rations were directly related to rumen NH3 levels.
Except under conditions in which NHy levels in the rumen are excep-
tionally high (60 m-moles/l), the liver removes almost all the NH3
from the portal blood converting it to urea. Some of the urea is
returned to the rumen in the saliva (McDonald, 1948) and some enters
across the rumen epithelium (Houpt, 1959; Ash & Dobson, 1963) but
most of it is excreted. Therefore, since the amount of NH3 absorbed
and subsequently excreted is directly related to its concentration
in the rumen, the latter has been used as a measure of the usefulness
of a dietary protein to the animal (Preston, Whitelaw & Macleod,
1963).

A considerable amount of work, particularly with non-protein
nitrogen sources, has established that significant protein synthesis
occurs in the rumen (Harris & Mitchell, 1941a; Mills, Booth, Bohstedt
& Hart, 1942; Harris, Work & Henke, 1943; Pearson & Smith,1943a).

In more recent years, attempts have been made to estimate the
extent of conversion of food protein to microbial protein. Moir &
Williams (1950) and Williams, Nottle, Moir & Underwood (1953) esti-
mated the numbers of rumen organisms in sheep fed rations of varying
protein content and found a relationship between bacterial count and
the level of dietary nitrogen and starch in the food. Various methods
of physical fractionation have also been used to determine changes
in the level of protein in the rumen (Gray, Pilgrim & Weller, 1953;
Kameoka, Xorimoto, Takahashi & Kubota, 1953; Weller, Gray & Pilgrim,

1958). McDonald (1954) and McDonald & Hall (1957) used chemical
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characteristics of zein and casein as a means of separating dietary
protein from microbial protein.

The results of Bryant, Robinson & Chu (1959); Bryant & Robinson
(1961) and Bryant, Doetsch & Robinson (1962) have shown that NH3 and,
to a lesser extent, amino acids are the main sources of nitrogen for
bacterial growth. Bryant et al.(1962) found that, of the many strains
studied, 25% required NH3 , 56% grew with either NH3 or amino acids
and only 6% required amino acids.

Since the microbial protein can form the major source of protein
reaching the abomasum, its biological value is, therefore, of import-
ance to the animal. Various workers (Reed, Moir & Underwood, 1949;
McNaught, Owen, Henry & Kon, 1954) have found it to be a reasonably
high quality protein. This is obvicusly an advantage to the animal
when the dietary protein is of low biological value but a disadvant-
age when it is of high biological value. Methionine and iso-leucine
were considered by Holmes, Moir & Underwood (1953) as possible
limiting amino acids. Type of protein in the ration has little

apparent effect on amino acid composition of bacterial protein.

2. PFermentation of Carbohydrates

Natural feeds contain a wide variety of carbohydrate constituents
of varying chemical complexity. Grouped in order of decreasing
solubility, these include monrosaccharides, oligosaccharides, fructans,
starch, galactolipids, pectins, hemicellulose and cellulose. ifylam

(1953, 1954), Waite & Boyd (1953), Mackenzie & Wylam (1957), Waite



-19 -

(1958) , Bailey (1958), Routley & Sullivan (1958) and Sullivan,
Phillips & Routley (1960) have done extensive work on the determina-
tion of the constituent monosaccharide units in the various carbo-
hydrate fractions of grasses and clovers. Glucose, fructose, Xylose,
galactose, arabinose, galacturonic acid and glucuronic acid appear
to be the major sugars present.

Tappeiner (1883) observed that the fermentation of cellulose
in the rumen of the ox resulted in the production of large quantities
of VFA, particularly acetic. Little nutritional significance was
attributed to them at the time. Following on the discovery of
McAnally and Phillipson (1942) that the high concentrations of VFA
present in the rumen were not present in the abomasum, Barcroft,
McAnally & Phillipson (194!) were able to demonstrate that the
blood leaving the rumen, omasum and caecum contained significant
amounts of VFA. In addition, they noted that peripheral blood
concentrations were very low, suggesting that the acids were meta-
bolized in the liver and perhaps in other tissues.

Tlsden (1945, 1946) found that in sheep on natural diets, the
average proportions of acetic, propionic and butyric acids were 64,
20 and 16%, respectively. In more recent work, it has been found
that the rumen contents of animals fed diets high in soluble carbo-
hydrate usually have a higher proportion of propionate (Balch &
Rowland, 1957) and that in animals on diets high in protein,
appreciable amounts of C5 and Ce acids appear (el-Shazly, 1952).

The importance of the VFA as an energy source can be gauged
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from the estimates of Carroll & Hungate (1954) that at least 6000 -
12000 kcal. of energy are absorbed as VFA from the rumen of cattle
every 24 hr . In sheep, Phillipson & Cuthbertson (1956) estimated
that 600 - 1200 kcal./day were available to the animal from the VFA.
Adult sheep and cattle require a minimum of about 1100 and 6500

kcal./day, respectively, for maintenance.

5} 8 Effect of Nitrogenous Compounds on Cellulose Digestion

The effect of protein on the digestion of cellulose has not
been fully established. Henneberg & Stohmann (1864) noted that the
digestion of fibre by ruminants was depressed by a protein supple-
ment. Hoflund, Quin & Clark (1948) found that the addition of 100
g, of casein to a poor quality grass diet for sheep reduced cellulose
digestibility to almost zero but could detect no difference if only
50 g- of casein were added. Other workers, including Louw & van der
Wath (1943), Burroughs, Gerlaugh, Edgington & Bethke (1949), Head
(1953), Abou Akkada & E1 Shazly (1958), Minson & Pigden (1961),
were unable to demonstrate any effect of supplementation of high
fibre rations with protein.

However, Harris & Mitchell (1941b) showed that the addition
of urea to a ration containing 0.126% nitrogen increased cellulose
digestion. Similarly, Clark and <uin (1951), Swift, Thacker, Black,
Bratzler & James (1947), Briggs, Gallup, Heller & Darlow (1948),
Belasco (1954) found that cellulose digestibility increased when
dietary nitrogen was increased by supplementation with urea. Head

(1953) suggested that growth of the microorganisms responsible for
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digesting cellulose was not affected by the inclusion of extra
nitrogen if the substrate being digested contained about 1% nitrogen.

It would appear, therefore, that a minimum amount of nitrogen
is required for efficient cellulose digestion in high fibre rations.
If, however, the amount of available energy in the ration is increased
by the addition of starch, the requirement for nitrogen as measured
by cellulose digestion is increased (Burroughs et 329,19U9; Burroughs,
Gall, Gerlaugh & Bethke, 1950) probably because of greater microbial
proliferation. Ellis & Pfander (1958) fed a semi-purified diet,
containing large amounts of starch, to lambs to supply cellulose at
one of three levels (21.4, 31.4 or 41.6%) and nitrogen at one of
three levels (1.65, 2.05, or 2.45%). Increasing the nitrogen to
2.05% increased the digestibility of cellulose but a further in-
crease to 2.45% had the opposite effect.

Several amino acids have also been found to improve cellulolytic
activity. Bentley, Lehmkuhl, Johnson, Hershberger & Moxon (1954)
found that valine and proline improved cellulose digestion and Macleod
& Murray (1956) reported that the increased activity from a mixture
of eighteen amino acids was due almost entirely to leucine, iso-
leucine and valine. Dehority, Bentley, Johnson & Moxon (1957) con-
firmed these findings. These workers suggested that the increased
activity might be due to a conversion of the amino acids to the
corresponding VFA by Stickland (1934) reactions.

eg. 2RCE(NH,)COCH + R'CH(NH,)COOH + 2H0 —>

2RCH,COCH + R'COCH + 3NH3 + CO,
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Valeric, caproic, iso-butyric and iso-valeric acids had been shown
by Bentley, Johnson, Hershberger, Cline & Moxon (1955) and in later
work by Cline, Hershberger & Bentley (1958) to have cellulolytic
factor activity. Bryant & Doetsch (1955) had also found that

Bacteroides succinogenes requires either iso-butyric, iso-valeric

or DL - methyl - n - butyric as well as valeric or caproic acids
for growth on a purified medium. Similarly, Allison, Bryant &

Doetsch (1962) found that a strain of Ruminococcus flavefaciens

was unable to incorporate cl% . labeled leucine, yet synthesized
leucine from Cl¥ - labeled isovaleric acid. Stickland-type reac-
tions offer a logical explanation Br the improvement in cellulolytic
activity observed following the addition of amino acids such as

leucine to in vitro systems.

L4, Effect of Carbohydrates on Protein Metabolism

As early as 1896, Wicke and Weiske claimed that protein utiliza-
tion by ruminants was improved by the addition of carbohydrates to
the ration. In vivo and in vitro experiments in recent years have
shown that the tyve of carbohydrate added is of great importance.
McDonald (1952) reported that the concentration of NH3 in the rumen
decreased when starch was added to the ration. Lofgreen, Loosli
and Maynard (1951), working with dairy calves receiving protein at
the maintenance level, found significantly greater retention of
dietary nitrogen when the non-nitrogenous total digestible nutrients

were increased by 15% above the requirements for maintenance. Head
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(1953) reported that the addition of maize or potato starch to a hay
ration for sheep reduced protein digestibility but increased nitrogen
retention. Fontenot, Gallup & Nelson (1955) found that the effect on
nitrogen retention of supplementing a wintering ration for steers with
"cerelose" (glucose prepared by the hydrolysis of corn starch) depended
on the protein content of the ration. Cerelose tended to increase the
nitrogen loss in the faeces and to decrease the loss in the urine.

The net effect of these changes was that at a protein level in the
feed of 8%, cerelose depressed nitrogen retention; at a level of 10%,
nitrogen retention was increased significantly and at 12% there was

a small but not significant increase in nitrogen retention. The ob-
servation of Fontenot et al. (loc. cit.) that supplementary carbohy-
drate tended to reduce the loss of nitrogen in the urine is supported
by the work of Preston, Breuer & Pfander (1961) who found that blood
urea - N levels decreased in sheep folliowing the addition of feeds
high in carbohydrate to a basal ration.

Annison (1956) noted that the rate of disappearance of NH3 and
amino acids from the rumen after feeding casein was increased in the
presence of carbohydrate. In more detailed work, Lewis & McDonald
(1958) reported results of an experiment in which sheep were fed a
basal diet of 700 g. of medium quality hay to which one of various
carbohydrate materials had been added with or without 100g. of casein.
The carbohydrates added included starch 250 g., cellulose 250 g., glu-
cose 25G g., lactic acid 20 g., propionic acid 100 g., xylan 150 g. or
grass levan 150 g. All carbohydrate supplements reduced the concentra-

tion of NH3 in the rumen. Starch and levan had the greatest effect,
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whereas cellulose had only a slight effect. These workers proposed

that for maximum nitrogen retention in an animal fed a nitrogen source
which gives rise to a rapid increase in the non-protein nitrogen in

the rumen, an energy source that is attacked at a comparable rate should
be included in the ration.

Various workers have also investigated the effect of carbohydrates
on the utilization of non-protein nitrogen, particularly urea. Mills
et al, (1942) found that starch was essential to protein synthesis from
urea in animals fed a basal ration of Timothy hay. Bdda, Tomas & Kona
(1961) found sucrose, glucose or starch effective in improving nitrogen
retention in sheep on diets containing varying amounts of urea.

Using in vitro techniques, McNaught (1951) tested a large range
of carbohydrates for their activity in converting non-protein nitrogen,
supplied as urea, to protein. Employing maltose as a standard, they
found that maize and potato starch were much more effective boiled than
raw. Raffinose, inulin, fructose, cellobiose and mannose were utilized
but sorbose was not. L-arabinose and D-xylose were very effective but
D-arabinose was not. The addition of one of three levels of dextrose,
cane molasses, sucrose, starch, cellulose or ground corn cobs to an in
vitro system was found by Arias, Burroughs, Gerlaugh & Bethke (1951)
to increase urea utilization. Belasco (1956) reported that starch was
more effective than xylan, pectin or cellulose in improving conversion
of urea to protein in an artificial rumen.

In much of the work reviewed, workers have reported an increase

in the amount of protein in the rumen or in the numbers of bacteria



- 25 -

present following the addition of carbohydrate. Bacterial growth
requires energy and it is probably for this reason that supplementary

carbohydrate has proved of value.



OBJECT OF THE PRESENT WORK

Little information is available concerning the effect of 1lipid
on rumen metabolism in animals fed on pasture. Furthermore, the
observed fluctuations in the lipid content of pasture species with
stage of growth could result in considerable variation in lipid
intake. Consequently, it was decided in the early phase of this
work to investigate the effect of lipid on protein and carbohydrate
metabolism in animals consuming freshly-cut pasture. ILinseed oil was
used as a supplementary source of lipid in several of the experiments
because of the similarity in fatty acid composition to that of the
lipid of grasses and clovers. However, linseed oil was found to re-
duce intake considerably and, therefore, whale oil, another relatively
unsaturated lipid was substituted in some of the experiments.

Since almost all of the work reported on the hydrolysis and
hydrogenation of lipids has been obtained from in vitro experiments,
the rates of hydrolysis and hydrogenation of grass lipids and linseed
oil in the rumen were followed in conjunction with the above in vivo
experiments. The degree of hydrogenation of the free fatty acids,
partial hydrolysis products of triglycerides and unhydrolysed tri-
glycerides have been compared.

The effects of supplementary lipid on the concentrations of NH3,
total and individual volatile fatty acids in the rumen suggested that
the 1lipid brought about a general decrease in the metabolic activity
of the rumen microorganisms. This possibility was investigated by
incuabating rumen liquor - grass extract media with various amounts

of linseed or whale o0il and measuring gas production, ammonia and

- 26 -
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volatile fatty acid concentrations.

The very high protein levels observed in pasture species, espe-
cially during periods of rapid growth, have led to speculation on
the conditions required for efficient utilization of fodder high in
protein. Since utilization of protein is likely to be considerably
influenced by the availability of carbohydrates for microbial fer-
mentation, investigations were carried out in order to determine the
effect of supplementary starch on the concentrations of ammonia and
total volatile fatty acids in the rumen of animals fed freshly-cut
pasture. In addition, the effect on in vitro fermentation rates
and concentrations of end-products, of each of a series of soluble

sugars normally present in grasses and clovers was studied.



Part I. EFFECT OF TIME, DAY AND LOCATION

OF SAMPIING ON CONCENTRATIONS OF

AMMONIA AND VOIATILE FATTY ACIDS

PRESENT IN THE BOVINE RUMEN
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The contents of the rumen are generally considered to be hetero-
geneous in nature. Conseguently, the method of obtaining samples in
which concentrations of metabolites are to be determined is of great
importance to the validity of any conclusions reached in work on
rumen metabolism,

In cattle, there is a well-defined stratification of solids in
the rumen (Pearsen & Smith, 1943; Smith, Sweeney, Rooney, King &
Moore, 1956; lampila and Poijirvi, 1959). After a meal of hay, digesta
in the dorsal sac of the rumen have been found to contain over 15% dry
matter compared with levels of 5 - 7% in the reticulum and ventral
regions (Balch, 1949).

The degree of stratification depends partly on the nature of the
feed. Concentrates, succulents and finely ground roughages, which
enter the dorsal region on ingestion, gravitate to the ventral region
more rapidly than unground roughages (Balch, 1950; Nichols, 1954;
Smith et al., 1956).

Evicence of stratification of the water soluble metabolites is
less consistent. Smith et al. (1956) found that the concentration of
VFA, sugars and totzl nitrogen was higher in the dorsal than in the
ventral region of the rumen. Similarly, Iampila (1955) noted dif-
ferences in VFA concentrations of up to 50% in favour of the dorsal
region. Smith (1941) and Lampila (1955) were unable to demonstrate
a definite anterior-postericr gradient in the concentrations of the
metabolites measured but Bryant (1961) found that samples from the

reticulum usually contained lower concentrations of total VFA
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than samples from either the posterior dorsal blind sac or an area
intermediate between the two. Reid, Bailey & Glenday (1967) observed
that VPA concentrations were usually lower in the reticulum than in
any of seven sites sampled in the rumen. Balch et al.(1955) and
Balch & Rowland (1957) reported that differences were of no practical
consequence since the maximum variation in total VFA concentrations
which they observed was 1.1 m-mole/100 ml.

Time of sampling in relation to time of feeding is another major
factor associated with the degree of stratification observed within
the reticulorumen. As the time following feeding increases, the volume
of the rumen contents decreases (Coop, 1949; Reid, 1965), the digesta
becomes more fluid (Quin, Oyaert & Clarke, 1951; Reid, 1965) and the
degree of stratification becomes progressively less well defined
(Balch, 1961). Concentrations of NH3 have been found to be higher in
the dorsal rumen during the first half of the period between two feeds
whereas no difference was found during the latter half (Lampila, 1960).
Bryant (1964) found a dorsal-ventral gradient in total VFA concentra-
tions and noted that the magnitude of the difference was partially
dependent on the time which had elapsed since feeding. The relative
proportions of individual VFA did not vary with site of sampling.

The total concentrations of NH3 and VFA observed are also largely
dependent on time of sampling since the levels of each generally in-
crease significantly during the first few hours after feeding. The
extent and duration of the increase is governed mainly by the nature

of the diet (Annison et al,, 1954; Balch & Rowland, 1957; Lewis, 1961).
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For example, peak levels and the degree of diurnal variation in levels
of NH3 depend on the amount and solubility of the source(s) of nitrogen
and carbohydrate ingested.

Evidence has been presented by several workers (Reid, Hogan &
Briggs, 1957; Brethour, Sirny & Tillman, 1958) that the proportions
of individual VFA also vary with time of sampling after feeding.
Davey (1965) found that the proportions of acetic and propionic acid
were inversely related and that the proportion of propionic acid was
highest at the time when concentrations of total VFA were highest.
However, Gray, Jones & Pilgrim (1960) and Shaw (1961) did not observe
any consistent variations in proportions of VFA associated with time
of sampling after feeding.

In an attempt to reduce potential errors due to sampling,
various procedures have been employed. Mechanical mixing by means
of a pumping device inserted through a fistula into the rumen, has
been successfully used when the consistency of the rumen contents
was relatively fluid (Sutherland, Zllis, Reid & Murray, 1962; Engel-
hardt, Hoeller & Hoernicke, 1963). These devices, by altering the
environment, will have some effect on the rumen microorganisms. The
magnitude of this effect is not known but is unlikely to be large.
However, the usefulness of such an apparatus is limited because it
is not able to circulate any appreciable quantity of coarse, fibrous
material.

Agrawala, Duncan & Huffman (1953) obtained samples by first

emptying and mixing the entire contents of the rumen. This
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procedure possesses an apparent advantage over in situ techniques,
particularly for obtaining representative samples for dry matter
determinations. However, it has seldom been used in experiments
in which samples are required several times daily. The lack of in-
terest has been due to a belief that exposure of rumen contents to
the atmosphere would alter the course of metabolism in the rumen
since most rumen microorganisms are obligate anaerobes (Hungate,
Bryant & Mah, 1964). This may not be a major problem. Recently
Reid (1965) found that no gross depressions in either rate of break-
down or rate of passage occurred as a result of the use of this
procedure. When compared with "grab" sampling, this method of
sampling reduced standard errors associated with percentages of dry
matter and, to a lesser extent, with concentrations of total VFA
present in rumen contents (Reid et al., 1967).

The sampling procedure most commonly used in studies of factors
affecting changes in the levels of compounds present in solution has
been to collect samples of rumen liquor in situ. Results are expressed
as concentrations per unit of fluid. Techniques for obtaining such
samples have included the collection of large samples (Hungate, Fletcher,
Dougherty & Barrentine, 1955; Johns, 1955), sampling from a single
fixed position within the rumen (Balch & Rowland, 1957; Bryant, 1959)
and compositing samples obtained from the dorsal, mid and dorsal pos-
terior blind sacs of the rumen (Bryant, 1961). Bryant (1961) concluded
that representative samples of rumen liquor could be obtained by either

the above ccmposite sampling method or by removing a single large
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sample from the mid region of the rumen.

There are obviously a number of sampling methods available which
have been used with varying degrees of success by previous workers.

The choice of a suitable sampling location and procedure for a specific
experiment will depend upon many factors, including the type and
quantity of ration fed, frequency and duration of feeding, species of
animal and the type of information desired.

Results obtained by others (Hoflund et al., 1956; Balch & Rowland,
1957; Lewis & McDonald, 1958; Shaw & Ensor, 1959; lewis, 1962) indicate
that determination of concentrations of fermentation end-products can
yield useful information concerning the metabolism of dietary consti-
tuents and could be a valuable technicue in the study of dietary lipid
metabolism in the rumen. Because of the degree of variation observed,
particularly that associated with time of sampling, results of such a
study would be meaningful only if feeding and sampling times and pro-
cedures were standardized. The methods adopted should be based on
data obtained previously under a similar set of conditions.

With this object in mind, a preliminary experiment was conducted
in order to determine the extent and major causes of wvariation in NH3
and VFA concentrations when dairy cows were fed freshly-cut pasture
herbage twice daily. However, some of the samples became contaminated
with bacteria before the individual VFA were determined. As a result,
the proportions and concentrations of these metabolites were found to
be highly irregular and a second experiment was considered necessary.

The results of both trials relating to concentrations of NH3 and total
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VFA were similar. Data are reported for the latter only.
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Materials and Methods

Treatment of Animals

A Jersey steer weighing approximately 258 kg. and fitted with a
rumen fistula was used in this experiment. The animal was fed indoors,
for approximately 3 weeks before the experimental period, on freshly-
cut bromegrass (Bromus inermis) of good quality. It was trained to
consume its feed in two periods of approximately two hours beginning
at 9:30 a.m. and 4:00 p.m. Water and iodized salt were available ad
libitum. The same pasture herbage was fed during the experimental

period.

Rumen Sampling

Duplicate samples, to give approximately 200 ml. rumen liquor
after straining through two layers of muslin, were removed by hand
from (1) the reticulum (R), (2) the posterior dorsal blind sac (P)
and (3) an area intermediate between the dorsal and ventral positions
(M) which was directly below the fistula (Fig. 1). Sampling was car-
ried out Just prior to the commencement of the morning feeding Qeriod.
and 2, 4.5 and 6.5 hr. later. This procedure was repeated on three
consecutive days. The samples were preserved by the addition of 2%
(v/v) of a saturated solution of mercuric chloride and stored at a

temperature of 5°.

Analytical Methods
(a) Pasture Analysis

Dry matter was determined by drying samples at 100° for



Fig. 1. Diagramatic sketch of a mid sagittal section of a
cow showing approximate location of sampling areas.
R, reticulum; M, mid region; P, posterior dorsal

blind sac.
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16 hr. in a forced-draught oven. Total nitrogen present in the
dried samples was measured by the Kjeldahl method as modified
for samples containing nitrate (A.0.A.C., 1960).

(b) Rumen Liguor Analysis

Ammonia was determined in 1 ml., of rumen liquor immediately
after sampling by the boric acid-hydrochloric acid procedure of
Conway and O'Malley (1942) using saturated potassium carbonate
in the outer compartment.

Measurements of total and individual VFA were made with a gas
chromatograph equipped with a hydrogen flame-ionization detector (F
and M Scientific Corp., Avondale, Pa.).

The dual columns were of 1/4 in. o.d. stainless steel and were
6 ft. long. The column packing consisted of 5% by weight UCON 550 X
on Haloport (F and M Scientific Corp., Avondale, Pa.). Flow rate of
the carrier gas (helium) was 120 ml./min. Injector and detector
temperatures were 230° and 270°, respectively. The columns were
operated at an initial temperature of 100° with a programmed increase
of 4°/min. to a maximum of 170°.

In preparation for gas chromatographic analyses, samples of rumen
liquor were centrifuged at 1200 g. for 10 min. to remove suspended
particulate material. 5 ml. aliquots were transferred to sample bot-
tles containing 1 ml. 2 N sodium hydroxide and 0.2 m. eq. of an
internal standard (caproic acid). The mixture was then evaporated
to dryness on a water bath. Just prior to analysis, the samples were

reacidified by the addition of 3 ml. of a solution of hydrochloric
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acid (6N) and acetone (50:50, v/v). 3 jal. samples were introduced
into the injection port of the gas chromatograph by means of a 10 nl.
syringe. Fatty acid composition (moles #) was determined by dividing
the area under the curve for each acid by the corresponding relative
molar response factor.* The concentrations of both the individual and
total VFA (m-mole/l.) were then calculated by comparison with the con-

centration of caproic acid.

* The relative molar response of a particular substance is the
peak area obtained for one mole expressed relative to the peak area

of one mole of a standard.
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Results and Discussion

Feed Intake

The consumption of freshly-cut pasture herbage (expressed as kg.
dry matter) was similar on all 3 days of sampling (Table 1). Except
on the day prior to the first day of sampling, the steer consumed a
higher proporticn of its total daily intzke during the afternoon feed-
ing period.

Table 1. Intake of freshly-cut brome grass (kg. dry matter) by
a_stall-fed steer

Date Morning Afternoon Total

29.7.64 3.0 2.0 5.0
30.7.64* 2.4 2.8 5.2
31.7.6L* 2.4 2.8 5.2

1.8.64* 2.5 — —

* Duplicate samples removed from the rumen before and at intervals
after the morning feeding periocd.

Protein (N x 6.25) and dry matter content in the grass fed during
the experimental period averaged 22.32 (% of dry weight) and 28.2%,
respectively.

Ammonia

The accuracy of the method employed for estimating the concentra-
tion of NH3 was determined by adding a known amount (20 mg./100 ml.),
as ammonium sulphate, to each of eight samples of rumen liquor. Recovery
of the added NH3 averaged 100.1 I 0.3%**.

Variations in the concentration of NH3 between duplicate samples

** Standard error of means
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of rumen liquor were not significant (P<0.05), irrespective of day,
location or time of sampling, indicating that the technique used to
remove samples from the rumen was satisfactory.

Levels of NH3 were lowest in samples obtained before feeding
(8.3-13.5 mg. / 100 ml. rumen liquor) and significant differences
occurred between each time of sampling (Table 2). Maximum concentra-
tions, ranging from 30.2 to 40.3 mg. / 100 ml. rumen liquor, were
present in the 4.5 hr. samples.

Increases in the concentration of NH3 following feeding have
been observed previously by many workers. Annison et al. (1954)
found that the extent of the increase was largely dependent on the
solubility of the protein and on the proportion of carbohydrate in
the diet. ILewis (1961) demonstrated that the time required to reach
maximim concentrations was, with one or two exceptions, directly re-
lated to the solubility of a particular protein in water. More
recently, Henderickx & Martin (1963) found that solubility of a pro-
tein in an artificial rumen liquor was a more accurate index of the
subsequent extent of degradation and, hence, of NH3 concentrations
in the rumen,

The concentrations of NH3 tended to be lower on Day 1 than on
Days 2 and 3 (Table 2). This was probably due to a lower consumption
of dry matter on the afternoon prior to the first day of sampling

than at any other time during the experimental period (Table 1).
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Table 2. Mean concentrations of NH3 (mg. / 100 ml.)

in duplicate samples of rumen liquor

Time of sampling (T) after

Day of Iocation of commencement of feeding (hr.)
sampling (D) sampling (L)
0 2 4.5 5.5
R* 8.3 27.6 30.2 22.3
1(30.7.64) M* 9.1 29.1 36.8 21.3
P* 9.2 28.1 33.5 21.5
R 12.6 31.3 34.2 20.2
2(31.7.64) M 1355 30.9 36.6 21.3
P 12.2 28.7 33.7 23.5
R 9.2 27.8 33.6 23.9
3(1.8.64) M 10.2 29.8 38.6 25.4
P 10.5 29.1 40.3 22,8
DD** = 1.9
DIJ = 109
DT = 2.9

* R = reticulum; M = mid region of rumen; P = posterior dorsal
blind sac of rumen

** D = difference required for significance at P=0.05 (Snedecor,

1956).

Iocation of sampling had no significant effect on NH3 concentra-
tions in samples obtained before feeding (Table 2). In general, this
was also true of the 2 and 6.5 hr. samples and, although some variation
did occur, no consistent differences between locations were noted. At

only one sampling time (Day 1, 4.5 hr. samples) was there a significant
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difference in concentration between each location.

It is important to note that the pattern of change following
feeding was similar regardless of location and was of much greater
magnitude than changes associated with either day or position of
sampling.

Test of Method for Quantitative Determination of VFA

Mixtures containing known concentrations of free volatile fatty
acids were analyzed by the gas chromatographic technique described in
Materials and Methods. The relative molar response values obtained
for each acid are presented in Table 3. For comparative purposes data
obtained by Emery and Koerner (1951) and by Kabot and Ettre (1963)
using a similar type of detector are also presented in Table 3.

The relative molar response values for acetic and propionic acids
were somewhat lower than the theoretical values, whereas those for
butyric and isovaleric deviated only slightly from the theoretical.
This may indicate that in the case of the C2-Q3 fatty acids, recovery
is not completely guantitative. However, because of the general agree-
ment between the factors obtained currently and those of Zmery and
Koerner (1961) and of Kabot and Ettre (1963), it is assumed that a
lower relative response to acetic and propionic acids is a consistent

characteristic of the hydrogen flame-ionization detector.
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Table 3. Relative molar response factors for

volatile fatty acids

(C2 - Cg)
Relative area Relative molar response

Fatt 4 Moles % under curve factor
Fatty aci (actuel) (av. of 3 Calculated

determinations) Theoretical 1% 2%% Jxkx*
Acetic 49.1 27.6 * 0.2{2) 200 176 147 155
Propionic 14,6 13.2 £ 0.1 300 284 288 275
Isobutyric L.6 6.1 to.2 400 417 < =
Butyric 9.3 11.8 £ 0.4 400 399 409 409
Isovaleri L,7 oS £.0.1 500 501 495 495
Caproict 17.7 33.8 ¥ 0.3 600 600

* Current results
** Tmery and Koerner (1961)
*%* Kabot and Tttre (1963)
\ Internal standard
(2) Standard deviation

The results presented in Table 4 were obtained by gas-chromatographic
analysis of the same mixture of acids following the addition of an excess
of NaOH, evaporation to dryness and reacidification. It is apparent from
a compariscn of the corresponding molar percentages thet this treatment of
the samples prior to analysis had little, if any, effect on the proportion

of each acid.

Table 4. Effect of treatment prior to gas chromatographic
analysis on the proportion of volatile fatty acids

Moles % (av. of 3 determinations)

Fatty acid

Untreated Treated
Acetic 49,0% T 0,3** k9.6 ¥ 0.2
Propionic “.7 to.0 1,6 t 0.1
Isobutyric 47 % 0.3 4,7 £ o.2
Butyric 9.3 * 0.3 9.3 T 0.t
Isovaleric 4,7 % o0.0 4.8 £ 0.4
Caproic 17.6 * 0.2 17.0 t 0.5

* Proportions calculated using relative response
factors as presented in Table 3.

** Standard deviation
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A mixture of fatty acids containing proportions and concentrations
of acetic, propionic and butyric acids similar to those which occur in
the rumen was analyzed quantitatively (Table 5). The proportions of
acetic and propionic acids were slightly higher than was expected. The
converse was, of course, found for butyric acid. However, on a quanti-
tative basis, no appreciable differences between the "actual" and the
"calculated" conecentrations of any of the individual VFA were found.

The method was then tested fer accuracy in the determination of
VFA concentrations in samples of rumen liquor. Sufficient acetic, pro-
pionic and butyric acid were added to each of four samples of rumen
liquor to increase their respective concentrations in the samples by
50, 20 and 10 m-mole/l. The samples were then prepared for analysis as
described under Materials and Methods., Recoveries of total added VFA
averaged 79.9 m-mole/l. (standard error, i 1.0) while the average recovery
values for the individual acids were 50.5 £ 0.8, 19.9 £ 0.7 and 9.5 ¥ 0.5
m-mcle/l. for acetic, propionic and butyric acid, respectively. In
view of these results, the technique was considered suitable for the
quantitative determination of VFA in the rumen liquor.

Table 5, Determination of the proportions and concentrations of

volatile fatty acids by the use of caproic acid as
an internal standard

—

Moles % Concentration
. Calculated

Fatty acid A (av. of 3 (m-mole/1,)

determinations) Actual Calculated
Acetic 70 70.3 T 0.9% 112.0 113.,2 * 2.8*
Propionic 20 20.5 £ 1.0 32.0 33.0 1.7
Butyric 10 9.2 t 0.7 16.0 1.8 * 0,7
Total 100 100.0 160,0 161.0 * 3.1

* = Standard deviation,
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Total and Individual Volatile Fatty Acids

Differences in the concentrations of total VFA between the dupli-
cate samples of rumen liquor removed from each location of sampling
were not significant (P<0.05).

Minimum concentrations of total VFA (56.8 - 92.7 m-mole/l. rumen
liquor) were present in samples obtained Jjust before the commencement
of the morning feeding period (Table 6). Maximum levels of from 110.1
to 145.0 m-mole/1l. were found in the samples obtained 4.5 hr. later.
Differences between the minimum and maximum concentrations were signi-
ficant on all 3 days (Table 6). On Days 1 and 3 differences in concen-
tration between the 2 and 6.5 hr. samples from the reticulum and mid
region of the rumen were not significant. On Day 2 no significant
differences were found between concentrations in samples obtained before
and 2 hr. after commencement of feeding. The pattern of change was,
therefore, one of minimal values prior to feeding, maximal levels 4.5
hr. later followed by significant reductions in levels over the next
two hours.

This pattern is typical of that observed previously, by others, for
animals fed twice daily. For example, Balch & Rowland (1957) found that
maximum levels of total VFA occurred between 2 and 6 hr. after feeding.
They also reported that the difference between minimum and maximum levels
varied depending on the type of ration fed. Hay alone gave values rang-
ing from 8.1 to 12.1 m-mole/100 ml. Diets containing large proportions
of concentrate, silage, pasture or finely ground hay produced a greater

range in variation. The differences due to diet were related to at
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least two factors: the higher level of readily fermentable carbohydrate
present in concentrates and succulent feeds compared with hay and the
larger surface area of concentrates and ground roughage, relative to

hay fed in the long form, which would be exposed to microbial action
immediately after ingestion.

Table 6. Mean concentrations (m-mole /1.) of total

volatile fatty acids in duplicate samples
of rumen liquor

. Time of sampling after commencement
Day of Location of .
sampling sampling of feeding (hr.)
0 2 L,5 6.5
R 56.8 97.3 121.3 102.7
1(30.7.64) M 64.1 100.4 145.0 107.1
P 68.5 93.6 133.4 109.4
R 83.9 90.2 110.1 88.2
2(31.7.64) M 92.7 91.2 113.6 104.5
P 8527 93.8 126.2 112.0
R 65.5 92.3 122.6 101.0
3(1.8.64) M 71.2 99.9 137.9 106.1
P 72.6 95.5 1.4 110.5
Dy = 10.3
DL = 10.3
= 11.4

Dp

* D = difference required for significance at P=0.05 (Snedecor, 1956).

Concentrations of total VFA at corresponding times and locations
of sampling on Days 1 and 3 were not significantly different (Table 6).

Significantly higher concentrations were present before feeding on Day
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2 than on either of the other two days. In contrast, concentrations
after feeding tended to be lowest on Day 2. The cause of this varia-
tion is not known.

Although there was a tendency for concentrations to be lowest in
samples from the reticulum, location of sampling generally had no sig-
nificant effect on VFA levels before and at 2 and 6.5 hr. after feeding
(Table 6). On only one occasion (Day 1, 4.5 hr. samples) was there a
significant difference between the concentration at each location. This
was also the only occasion on which the concentration of NH3 at each
location was significantly different (Table 2) and for this reason should
be regarded as atypical.

The proportions and concentrations (m-mole/l.) of the individual
VFA (acetic, propionic and butyric) are presented in Appendices I and
II, respectively.

Proportions of acetic acid decreased following feeding reaching
their lowest recorded levels 2.5 - 4.5 hr. after completion of feeding.
They were inversely related to the proportions of propionic acid which
were maximal 2.5 hr. after feeding. Butyric acid proportions were
invariably lowest in samples obtained at the end of the feeding period.
These results are in general agreement with those of Gray & Pilgrim
(1951), Reid, Hozan & Briggs (1957) and Davey (1965). Bailey (1965)
noted that of the total soluble sugars ingested in freshly-cut clover,
80% had disappeared from the rumen by the end of a 2 hr. feeding period.

During the same period only 10% of the pectin consumed was digested and
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almost no hemicellulose or cellulose was lost until 3 hr., after feeding,
This variation in rate of degradation of carbohydrate fractions may
explain the variation in individual VFA proportions since it has been
found, in vivo, that rations high in soluble carbohydrates result in
lower average acetate to propionate ratios than do those high in fibre
(Phillipson, 1952; Balch et al., 1955; Balch & Rowland, 1957).

Minimum and maximum concentrations of acetic acid were present in
the pre-feeding and 4,5 hr., samples, respectively (Table 7)., Concen-
trations in the 2 and 6.5 hr. samples were not significantly different.

Significantly higher concentrations of acetic acid were present
in the pre-feeding samples on Day 2 than on Days 1 and 3, whereas
significantly lower concentrations were present in the post-feeding
samples on Day 2 than on Days 1 and 3 (Table 7). Differences between
Days 1 and 3 were not significant.

Acetic acid levels in samples from Locations M and P did not
differ significantly and tended to be higher than those present at
Location R (Table 7).

These variations with time, day and location of sampling were
similar to those found for total VFA and were to be expected since
acetic acid constituted approximately 70% of the total concentration

(Appendix I).
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Table 7. Mean concentrations of acetic acid (m-mole /1.)
in duplicate samplss of rumen liguor

Time of sampling after

Day ?f Locat?on of commencement of feeding (hr.)
sampling sampling
0 2 b5 6ni5
R L2.9 73.8 87.1 72.8
1(30.7.64) M 48.3 75.8 100.2 75.9
P L9.2 69.6 93.6 77.7
R 56.5 63.2 75.0 60.5
2(31.7.64) M 61.0 63.9 78.5 73.1
P 59.3 67 .4 84.1 4.6
R L6.7 68.8 86.4 70.7
3(1.8.64) M 51.3 75.0 94.8 74.9
P 51.4 70.2 91.1 77.5
Dy = 7.4
D = 7.4
= 8,2

Dp

Concentrations of propionic acid increased after feeding with
maximum levels present in the 4.5 hr. samples (Table 8).

Lecation of sampling had little effect on concentrations of prc-
plonic acid except in samples obtained 4.5 hr. after feeding on Day 1
and 6.5 hr. after feeding on Day 2 at which times significant differ-
ences occurred between each location. It will be recalled that sig-
nificant differences in the concentrations of NH3 and of total VFA
between each location were also present in the 4.5 hr. sample on Day 1.

Concentrations of butyric acid were highest in the 4.5 hr. samples
but in general were not significantly higher than the levels in the 6.5
hr. samples (Table 9). OCn Days 2 and 3, butyric acid concentrations

tended to be lower in the 2 hr. samples than in those obtained before feeding.



- 48 -

It is apparent (Appendix I) that on all 3 days, the proportions of

butyric acid were lower 2 hr. after feeding than before feeding.

Table 8, Mean concentrations of propionic acid gm-mole{l.)

in duplicate samples of rumen liquor

Time of sampling after

Day of Location of commencement of feeding (hr.)
amplin samplin &
R 5= 0 2 4,5 6.5
R 9.0 16,7 24,2 19.8
1(30.7.64) M 10.4 17.6 30.2 2045
P 12,8 17.0 273 20,9
R 16.4 18.1 23.1 17.3
2(31.7.64) M 18,7 18.3 23.3 20,3
P 16,1 17.6 27,1 24,5
R n.. 16.9 25.8 20,7
3(1.8.64) M 12,4 18,2 28,6 20,4
P a5) 5all 17.8 2742 21.4
DD = 2.7
Dp = 2.7
Dy = 3.0

BExcept in the pre-feeding samples there was no significant differ-
ence between concentrations of butyric acid on Days 1 and 3. Ievels
from samples obtained on Day 2 were gensrally significantly higher than
on either of the other two days.

There was no definite trend in the concentrations of butyric acid
between locations of sampling. In general, variations in concentrations
between at least two of the three locations, of which location M was

always one, were not significant,
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Table 9. Mean concentrations of butyric acid (m-mole/1.)
in duplicate samples of rumen liguor

Time of sampling after

Day of Location of commencement of feeding (hr.)
sampling sampling 0 2 4.5 6.5
R 5.0 6.9 10.1 10.2
1(30.7.64) M 5.5 7.1 4.6 10.8
P 6.5 7.1 12.6 10.8
R 11.0 8.9 12.6 10.4
2(31.7.64) M 13.0 9.1 11.8 11.2
P 10.3 8.9 15.1 14.9
R 7.4 6.6 10.4 9.6
3(1.8.64) M 7.6 6.7 4.6 10.9
P 8.0 7.6 3.1 1.7

DD = 2.0
DL = 2.0

DT = 2,2

In summary, variation associated with location of sampling was not
of sufficient magnitude to be of practical importance. Almost without
exception, samples from the mid region contained NH3 and VFA levels
which did not differ significantly from those in samples from at least
one of the other two locations. Concentrations present in the reticulum
were generally lowest. These findings are in general agreement with
those of Bryant (1961) and Davey (1965) whose results were based on
data obtained from cows grazing pasture. Of the two altermative sampl-
ing procedures recommended by Bryant (1961) the preparation of composite

samples offers little improvement in the accuracy of sampling over the
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removal of a single sample from the mid region of the rumen because
the volume represented by each portion of the composite is not known.

Another alternative method of promise is that of total removal
and mixing of contents prior to sampling which was employed té advantage
recently by Reid et al. (1967). The potential of this technique for
reducing variation, particularly in samples obtained for dry matter
determinations, is recognized. However, under the conditions of the
present experiment, location of sampling was a relatively minor source
of variation and the additional time and labour required to obtain
samples by this method appeared to outweigh the improvement in sampling
accuracy likely to result.

Therefore, the removal of a large sample of digesta from the mid
region of the rumen was selected as a suitable sampling technique for
the subsequent in vivo experiments.

Of the sources of variation in chemical composition of the rumen
contents determined in this experiment, that due to time of sampling
was of the greatest magnitude. The concentration of a metabolite such
as NH3 or VFA, present in rumen fluid at any specific time,is dependent
on its rate of production, rate of utilization and rate of absorption
and/or passage from the rumen. In the present experiment, the similar-
ity between the concentration curves for each of the three days of
sampling indicated that these factors were in a similar state of equili-
brium on all three days. This was undoubtedly due to several factors
including the standardized feeding regimen and sampling times employed

and to an adequate length of pre-experimental period. The effect of
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any treatment imposed following the attainment of a similar condition

in the animal would result in an alteration in the point of equilibrium

and would be reflected by a change in concentration of one or more of

the fermentation end-products. Although a concentration change will not
indicate the relative effect of a treatment on each of the factors affecting
the equilibrium, it will indicate the overall effect of a specific treat-
ment.

In spite of this and a number of other limitations, the determination
of changes in concentration of soluble metabolites in rumen fluid has
added considerably to our present understanding of the fate of dietary
constituents in the rumen and was adopted for general use in the following
in vivo experiments. Additional information was obtained from several

in vitro experiments.
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Summary

l., A gas chromatographic technique for the quantitative determination

of volatile fatty acids in samples of rumen liquor is described.

2, Concentrations of NH3 and VFA were determined in samples of rumen

liouor obtained from three fixed locations within the reticulo-rumen.

5] o Differences in levels of NH3 and VFA due to location, time and day
of sampling are discussed in relation to the selection of a suitable

sampling procedure for subsequent in vivo experiments.



Part 2., EFFECT CF LIFIDS ON THS CONCENTRATIONS
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Materials and Methods

Treatment of Animals

Three pairs of identical twin, non-lactating Jersey cows with
rumen fistulae were used in this series of experiments. The animals
were fed indoors on either freshly-cut herbage, consisting of a mixture

of perennial ryegrass (Lolium perenne) and white clover (Trifolium

repeng) (experiment i - iv), or perennial ryegrass hay (experiments v
and vi), Except where indicated, they were fed twice daily at either
9:30 a.m. and 4:30 p.m. (experiments i, iii and iv) or 9:30 a.m. and
5:30 pem. (experiments ii and v) for periods of approximately two hours.
Water and iodized salt were available ad libitum.

Samples, estimated to contain approximately 200 ml. rumen liquor
after being strained through muslin, were removed from the mid-region of
the rumen (experiments i - v). In experiments i,iiiii and v, oils were
administered as oil/water emulsions, (50:50 w/v), using 1% Lissapol N X

(Imperial Chemical Industries Ltd., London) as emlsifying agent.

Experiment (i)

The animals (pair b B) each weighed about 408 kg. Initially, a
single dose of an emulsion containing 500 g. of linseed oil was infused
into the rumen of cow b during one morning feeding period. A week later
cow B received the same dosage on each of four consecutive mornings.
Samples of rumen liquor were taken from each animal just before the

morning feeding commenced and 2, 4 and 6.5 hr. later.
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Experiment (ii)

The animals (pair a A) weighed approximately 272 kg. An emulsion
containing 750 g. of linseed o0il was given to each animal during the
morning feeding on two consecutive days. The rumen of both animals was
sampled on the day prior to dosage as well as on the two days of oil
infusion immediately before and 2, 4, 6 and 8 hr. after the commencement
of the morning feeding period.

Experiment (iii)

An emulsion containing 750 g. of whale oil (Perano Bros. Ltd.,
Picton, New Zealand) was infused into the rumen of Cow A during the
morning feeding period on two consecutive days. Rumen liquor samples
were taken from both animals before and at 2 hr. intervals to six hr.
after the morning feeding commenced on the day prior to treatment and
on each of the two days of dosage. One week later cow a received the
same amount of emulsion on two consecutive days and both animals were
sampled as before.

Experiment (iv)

In order to determine the maximum increases in concentration of
propionic acid present in rumen liquor which could have arisen from
glycerol fermentstion in the preceeding experiments, it was first nec-
essary to determine the approximate fluid volume of the rumen. Follow-
ing a preliminary feeding period of one week, 100 g. of polyethylene
glycol (P.E.G.) (average molecular weight, 4000) was sprayed over the
surface of the rumen digesta of cows 2 and A just prior to the first

feeding on two consecutive days. Samples of rumen liquor were removed
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on both days immediately before the introduction of P.E.G. and again at
2 hr. intervals over the next 12 hr.

Experiment (v)

A third pair of animals (¢, C) weighing approximately 272 kg. was
used toc determine the effect of lipid on cellulose digestion in the rumen.
A method similar to that of Flatt, Warner & Loosli (1959) was adopted.
Twelve weighed strands of white cotton thread (No. 40, Clarks) were sus-
pended in the rumen of each cow, six in the dorsal region and six in
the ventral region, after an overnight fast and prior to the morning
feeding period. Two strands were removed from each region of the rumen
after 10, 24 and 36 hr., washed in water and alcohol and the dry weight
determined.

The experiment was in two parts, each of four days duration. During
the first two days of each part, the digestion of cotton thread was
measured in both cows without added oil. Another set of threads was
then placed in the rumen of each cow. One of the animals (cow ¢) re-
ceived 500 g. of linseed oil during the morning feeding period on each
of the final two days of part (i) and the other animal (cow C) received
the same dose on each of the final two days of part (ii).

Concentrations of NH3 and VFA were determined in samples of ruman
liquor obtained immediately before and 2, 4, and 6 hr. after the com-
mencement of the morning feeding.

Experiment (vi)

Cow C was fed perennial ryegrass hay (Lolium perenne) twice daily

for one week prior to the commencement of this experiment. Following
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an overnight fast (18.5 hr.), 200 g. of linseed oil, as an oil/water
emulsion (50:50, w/v) containing 1 g. of Lissapol NX, were infused
directly into the omasum. This was accomplished by inserting one end
of a ten foot length of pressure tubing through the reticulo-omasal
orifice into the omasum and holding it in position during the period of
infusion (10 min.). The opposite end of the tube was connected to a
1000 ml. separatory funnel to which the emulsion was added.

Three hr. prior to the infusion of oil, a pressure-sensitive trans-
ducer attached to a modified Sanborn, 4-chamnel recorder (Reid, Melville
& Cornwall, 1960) had been placed in each of four locations - the reti-
culum, the dorsal, ventral and dorsal posterior blind sacs of the rumen.
Pressure changes in these regions were recorded for 2.5 hr. before and
2 hr. after infusion. The animal was then fed for 2 hr., fasted over-
night (18 hr.) and, on the following day, 500 g. of linseed oil emulsified
with water, were again infused directly into the omasum. Pressure changes

were recorded for 60 min., before and 130 min. after infusion.

Analytical Methods

Pasture Analysis

Dry matter and total nitrogen were determined by the methods outlined
in Part 1 (p.37). Methods for the extraction of soluble sugars and the
hydrolysis of the hemicellulose and cellulose fractions were as described
by Jarrige (1960). Soluble sugars and products of hydrolysis were deter-
mined by the method of Bath (1958). All analyses were carried out on

sarmples obtained at the beginning of each experiment.
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Rumen Liquor Analysis

Ammonia was determined immediately after sampling by the method
described in Part 1.

pH determinations were also made immediately after sampling during
experiments (ii) and (iii)., The samples were then frozen and held until
such time as VFA determinations could be made.

The separation of total VFA from 5 ml. of rumen liquor was effected
by steam-distillation in a Markham still using the method of Johns (1955
a). Sixty ml. of distillate were collected, followed by the collection
of a further 60 ml, to serve as a blank. The distillates were then
titrated with 0,05 N sodium hydroxide and phenolphthalein indicator. After
addition of a small excess of alkali the salts of the fatty acids were
concentrated in vacuo to a suitable volume (0.5 - 1.0 ml,) for gas-
liquid chromatographic analysis.

The proportions of acetic, propionic and butyric acids in the volatile
fraction were determined by gas-liquid chromatography (James & Martin,
1952) at 137° with the column packing described by Hawke (1957). The
concentrated salts of the fatty acids were taken up in a syringe and approx-
imately 0,05 ml. was acidified in a platinum boat containing a mixture of
equal parts by weight of Celite 545 and dry potassium bisulphate. The
boat was then pushed into the heated region of the column and the nitrogen

supply connected,

Fluid Volume of the Rumen

The method of Hydén (1956, 1958) was used to determine fluid volume.
The samples which could not be clarified by filtration after the addi-

tion of barium chloride, barium hydroxide and zinc sulphate were
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centrifuged at 10,000 g. for 15 min. in an ultra-centrifuge (Ullyatt,

pers. comm.).
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Results

Effect of lipid on the NH3, total and individual volatile fatty acid

concentrations in ths rumen of pasture-fed animals

Pasture Composition

Marked changes in the chemical composition of the pasture occurred
between experiments i, ii and iii (Table 10). Higher concentrations
of soluble sugars occurred in late winter (August) when growth was slower
than during the periods of rapid growth in spring (November) and autumn
(May). Conversely, protein was higher in the autumn sample than in
the late winter and spring samples. Values for hemicellulose were
similar to those for soluble sugars while cellulose remained relatively
constant at about 18% of dry matter.
Table 10. Chemical compogition (% dry wt.) of pasture

for the period of the experiments in which linseed

oil and whale o0il were infused into the rumens
of fistulated twin cows

Prctein/
Dry « . Total : soluble
Date of Soluble Hemi- Protein
. matter Cellulose carbo- carbo-
\
sampling (%) sugars cellulose nifedte (N x 6.25) hydrate
ratio

Expt.(i)

(30.8.61) .1 18.4 19.9 17.7 56.0 21.0 1.14:1
Expt.(ii)

(13.11.61) 20.7 16.1 16.2 18.0 50.3 18.2 1.13:1

Expt.(iii)
(7.5.62) 10.6 9.0 9.8 18.9 37.7 28,7 3.2:1
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Feed Intake

The infusion of 500 g. of emulsified linseed oil into the rumen
of cow b in the first series of experiments appeared to depress intake
slightly although intake levels each day were sufficiently variable to
make this uncertain (Table 11). The treatment of cow B with the same
weight of emulsified linseed o0il, produced a reduction in intake to
about 70% of the pretreatment level. The control animals maintained
their intake close to the pretreatment levels with the exception of a

low intake for cow b on one day.

Table 11. Intake of fresh pasture by stall-fed
twin cows with and without added oil

Intake (kg. fresh pasture)

Date Oil added
Morning Afternoon Total

Expt.(i) Cowb CowB Cowb CowB Cowb Cow B
28.8.61 - 35.4  32.7 38.1 34.9 73.5 67.6
29.8.61 - 31.3 31.8 31.8 29.0 63.1 60.8
30.8.61 linseed, 500g. 24.9*% 36.3 32.2 36.7 =4 73.0
11.9.61 - 29.9 24,5 32.2 38.1 62.1 62.6
12.9.61 linseed, 500g. 24.5 28.6¢ 33.1 17.7 57.6 L6.3
13.9.61 linseed, 500g. 22.2 24,5« 24 .5 16.8 46.7 41.3
14.9.61 linseed, 500g. 31.8 22,7 30.8 22,2 62.6 Ly.9
15.9.61 linseed, 500g. 34.5 25.9¢ 29.0 20.4 63.5 L6.3
Expt,.(ii) Cowa CowA Cowa CowA Cowa CowaA
13.11.61 - 20.0 16.8 29.0 29.0 L9.0 Ls.8
14.11.61 linseed, 750g. 16.8 . 15.4*% 24,0 L.l L4o.8 19.5
15.11.61 linseed, 750 g. 14.1 0.9% 27.7 12.7 L1.8 13.6
16.11.61 linseed, 750 g. 10.9* 0.0 L.l L1 15.0 4.1
17.11.61 linseed, 750g. 1.L* 1.4 3.6 5.9 5.0 7.3
Expt.(3ii)

7.5.62 - 19.1 25.4 25.9 27.2 k5.0 52.6
8.5.62 whale, 750g. 24.9 25.4* 29.0 18.6 53.9 LL.o0
9.5.62 whale, 750g. 16.3 9.1 24.5 12.7 Lo.8 21.8
16.5.62 - 25.4 20.0 23.1 20.0 L8.s Lo.o
17.5.62 whale, 750g. 29.0¢ 20.0 18.6 19.5 7.6 39.5
18.5.62 whale, 750g. 13.1* 20.0 15.4 22.2 28.5 2.2

* animal received oil
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In experiment (ii) a marked drop in the intake of both animals (a
and A) occurred at the feeding period which followed the infusion into
the rumen of 750 g. of emulsified linseed oil (Table 11). Despite neg-
ligible intakes during some subsequent feeding periods considerable
amounts of solid ingesta remained in the rumen.

A reduction in motility of the rumen was first observed when the
rumen contents were sampled on the day following the first infusion
(experiment ii). The delay in effect suggested that, if the oil was
responsible, it was probably affecting a neural or hormonal control
mechanism at some point further along the digestive tract. The period
of quiesence continued for at least two days following the second
infusion.

Diarrhea, characterized by yellowish, foul-smelling and very fluid
faeces, appeared on the second day of infusion. The colour and consis-
tency of the faeces gradually returned to normal over a period of apprexi-
mately three days.

A decreased feed intake also resulted when animals a and A were
given 750 g. of emulsified whale oil. The drop in intake (40-50% of
the pre-experimental level) was not as great as that brought about by
the infusion of the same weight of linseed oil (Table 11l).

Ammonia Concentration in the Rumen

The addition of oil would appear to affect nitrogen metabolism in
the rumen since levels of NH3 were altered appreciably in all experiments.

In cow b (experiment i) the NH3-concentration rose from a normal maXimum
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of 20-25 mg./100 ml. rumen liquor (at 2 or 4 hr. after the commencement
of feeding) to about 50 mg./lOO ml. rumen liquor following the addition
of oil (Fig. 2). At 6.5 hr. the MH3-concentration had dropped consider-
ably but was still in excess of that for the control animal. Following
the rumenal infusion of oil into cow B the NH3 level was similar to that
for the control animal until the afternoon of the third day of treatment
when it rose to 50 mg./lOO ml. rumen liquor. The concentration in the
sample taken prior to feeding on the fourth morning was 80 mg./lOO ml.
after which it dropped to a level below that found in samples from the
control animal.

It was anticipated that increasing the amount of linseed oil from
500 g. to 750 g. would establish whether the irregular increases in NH3
concentrations in experiment (i) were due to the addition of oil. How-
ever, although the NH3 concentrations in the rumen of the experimental
animals were generally higher than those in the controls (Fig. 3) the
very large increases which were found occasionally in the first experi-
ment were not obtained.

In experiment (ii) the concentrations of NH3 in the rumen were
lower in the control animals than in the previous experiment. This
was probably due to the lower nitrogen levels in the pasture (Table
10). The levels of NH3 for both animals on the day prior to the addi-
tion of oil were almost identical, rising to a peak of about 15 mg./
100 ml. rumen liquor at 2 hr. and decreasing slowly over the next few

hours. On the first day of treatment the initial rise at 2 hr. was



Fig. 2. Variations in rumen ammonia and volatile fatty acid concentrations
in twin cows fed on freshly-cut mixed pasture with and without
addition of 500 g. of linseed oil.

() 29/8/61 - cow b (without oil), O~ — —O; cow B (without oil),0——0

30/8/61 - cow b (with oil), O-— — -0; cow B (without oil) ,0—0O

(b) 11 - 15/9/61 - cow b (without oil), ¥— — — —X (av. for 5 days)

11/9/61 cow B (without o0il), ©—0
12/9/61 - cow B (with oil), O—0O

13/9/9/61 cow B (with oil), H————A
W/9/61

15/9/61

cow B (with oil), —e

cow B (with oil), —3
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Fig. 3.

Variations in rumen

in twin cows fed on
additions of 750 g.
(a) 13/11/61 -
14/11/61 -
15/11/61 -
(b) 13 - 15/11/61-
16/11/61 -
17/11/61 -

amnonia and volatile fatty acid concentrations

freshly-cut mixed pasture with and without

linseed oil

cow A (without oil), O——O
cow A (with oil), o——0O
cow & (with oil), A—A
cow a (without o0il), e——.
cow a (with oil), o—o

cow a (with oil), |a———a

(av. for 3 days)
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followed by further increases at 4 and 6 hr. reaching a maximum of about
20 mg./100 ml. rumen liquor at 6 hr. The level the following day remained
almost constant at 10 - 15 mg./lOO ml, despite a much lower feed intake.

It was thought that the severe effect of the larger dose of linseed
0il on intake might have been due to a characteristic of the oil such as
the presence of a cyanogenetic glucoside. Consequently, whale oil,
another relatively unsaturated oil, was used in experiment (iii). The
effect on NH3 concentration following addition of 750 g. whale oil to
cows a and A is shown in Fig. 4. Concentrations for both animals immedi-
ately prior to treatment were almost identical (max. 60 - A5 mg./lOO ml.
rumen ligquor) and followed very similar patterns subsequent to treatment.
The oil had no effect until the second day when concentrations remained
almost constant at between 30 - 4O mg./lOO ml. of rumen liquor.

pH Measurements of Rumen Liquor

In experiment (ii), the pH of the samples of rumen liquor obtained
during the control period varied from maxima of approximately 7.0 to
minima of 6.75 (Fig. 5). No appreciable variation from these values
occurrad following the first infusion of linseed oil. However, 2 hr.
after feeding and infusion on the morning of the second day, the pH
increased to approximately 7.6 and remained constant at this level for
the duration of the day. Little variation was found between animals
during either the control or experimental periods.

During the control period of experiment (iii), the changes follow-

ing feeding were more pronounced with values ranging between 6.14



Fig. 4. Variastion in rumen ammonia and voletile fatty acid concentrations

in twin cows fed on freshly-cut mixed pasture with and without

addition
(a) 7/5/62 - cow
8/5/62 - cow
9/5/62 - cow
(b) 16/5/62 - cow
17/5/62 - cow
18/5/62 - cow

of 750 g. whale oil

a

2

(without oil),
(without oil),
(without oil),
(without oil),
(with oil),

(with oil),

o - -0
o- - —0
A — =2
o — —o
- —-n
& ——A
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-

cow A (without oil),0——o0O
cow A (with oil), og—n
cow A (with oil), A—A
cow A (without oil),p——ae
cow A (without oil), g— g

cow A (without oil), g——aA
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Fig. 5

Variations in pH of rumen contents of twin cows fed on

freshly - cut mixed pasture with and without additions

of 750 g. of linseed oil

14 - 15/11/61
16/11/61
17/11/61

14/11/61
15/11/61

cow a (without oil), x— — —x

cow a (with oil),

cow a (with oil),

cow A (with oil),

cow A (with oil),

o — —o
- — =
o
aA—A

(av. for 2 days)
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and 7.36 (Fig. 6). Infusion of 750 g. of whale oil had little effect until
the second day of dosage when pH remained relatively constant throughout
the day at between 6.6 and 6.8.

A highly significant correlation coefficient of - 0.911 between pH
and total VFA concentrations was found following the pooling of the data
from both experiments.

Total Volatile Fatty Acids

The reliability of the steam distillation procedure for determining
total VFA concentration was checked by introducing a known concentration
of a mixture of acetic, propionic and butyric acids to each of four samples
of rumen liquor. The average recovery of the added constituents was 97.4%
with a standard deviation of % 0.2.

No appareiit change occurred in the concentration of volatile acids
in samples taken from cow b following infusion of 500 g. linseed oil (Fig.
2). Values for both animals varied from a minimum of approximately 90 m-
mole/1l. rumen liquor prior to feeding, to a maximum of 145 - 160 m-mole/1l.
rumen liguor 4 hr. after the commencement of feeding. The maximum concen-
tratiohs in cow B decreased slightly on each successive day of treatment,
except the last. This decrease was accompanied by a reduced intake at
the afternoon following each infusion (Table 11).

VFA concentrations in cows a and A were similar prior to treatment
in experiment (ii) (Fig. 3) and were well below those found during the
pre-treatment period in experiment (i). The concentrations of VFA in

samples from both animals on the first day of oil dosage, followed the



Fig. 6. Variations in pH of rumen contents of twin cows fed on freshly-cut

mixed pasture with and without additions of 750 g. of whale oil.

(a) 7/5/62 - cow a (without oil), o-— —O ; cow A (without oil), o——o
8/5/62 - cow a (without o0il), p— — —0O ; cow A (with oil), o0—a0
9/5/62 - cow a (without o0il), A— — —A ; cow A (with oil), A—A

(b) 16/5/62 - cow a (without o0il), @— — —@ ; cow A (without oil), @¢—@

17/5/62 - cow a (with oil), - — = cow A (without oil), g——m

([:Y

18/5/62 - cow a (with oil), A— ——A ; cow A (without oil), A——A
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same pattern and were about the same level as during the control period
but decreased in subsequent samples on the second day.

The administration of 750 g. of emlsified whale oil (experiment iii)
had an effect on total VFA concentrations similar to that produced by the
same weight of linseed oil (Fig. 4). On the first day of treatment the
volatile fatty acid concentrations in samples from animals a and A fol-
lowed those found on the pretreatment day. Concentrations obtained the
following day showed much less overall variation and were lower than
those found earlier in the experiment.

Individual Volatile Fatty Acids

The accuracy of the gas chromatographic technique for estimating
the proportions of individual volatile fatty acids was determined by
Bryant (1961) under conditions of analysis identical with those used
in the present experiments. He found that the proportion of each acid
did not differ by more than 2% from the calculated levels.

The concentrations of acetic, propionic and butyric acids (m-mole/
1. of rumen liquor) were altered appreclably by the addition of 500 g.
of linseed o0il to the rumen (Table 12). In cow b, there was an almost
immediate decrease in the concentration of acetic acid to about half
that present in the pre-experimental period, and a considerable increase
in the concentrations of propionic and butyric acids. The oil had no
effect on the concentrations of the individual acids in cow B until the
third day of infusion when the amount of propionic was well above pre-
vious levels despite a decrease in total concentration of acids. By
the fourth day, the concentrations of acetic and propionic acids were

almost equal whereas prior to oil infusion the acetic / propionic ratio



Table 12. Concentrations of the individual volatile fatty acids (m—molp/l.) in the rumen
of twin cows stall-fed on freshly-cut mixed pasture with or without 500 g. linseed oil

Experiment (i)

Time of sampling after Time of sampling after
Date Caul' commencement of feeding (hr.) Cow B commnencement of feeding_(hr.)
0 2 [ 6.5 0 2 L 6.5
A* 67.4 89.1 102.6 93.7 A 62.2 100.9 93.3 84,2
29.8.61 (no oil) P 845 19.4 28.5 21.4 (no o0il) P 16.0 28.0 28.6 22.3
B 14.8 13.7 25.3 22.5 B 13.8 20.8 22.5 18.9
A 72.9 53.8 56.8 bs,2 A 73.7 84.5 92.7 101.9
30.8.61 (1inseed P 13.8 bs5.2 67.5 59.2 (no oil) P 17.7 31.0 27.7 21.8
0il,500g.) B 17.0 33.3 32.9 38.2 B 16.5 20.7 29,2 4.9
A 69.9 75.7 100.0 95.5 A 83.9 89.1  63.5
11.9.61 (no oil) P 15.1 24,9 22.6 20.0 (no oil) P = 16.2 17.9 24,0
B 17.0 26.4 20,2 15.5 B 10.9 17.4 17.8
A = 86.0 98.3 87.7 A 78.1 ?2.3 84,1 79.6
12.9.61 (no oil) P - 29.1 27.2 24,0 (1linseed P 13,2 26.4 23.8 22.5
B 21.1 20.0 17.2 0i1,500¢g.) B 12.3 22.8 22,7 22.5
A 5712 7.5 83.1 77.4 A 54,1 61.8 68.2 65.0
13.9.61 (no oil) P 12.1 22,6 28.6 17.2 (1linseed P 21.7 28.5 32,0 29.6
B 11.9 19.7 1,7 13.9 0il,500¢g.) B 13.3 15.4 16.8 16.1
A 76.6 90.5 92.8 83.6 A L6.3 55.4 51.2 b5.9
14.9.61 (no o0il) P 16,7 22.8 27.6 25.3 (1inseed P 29.8 31.2 34,7 41,6
B 11.3 20.8 22.5 18.5 oil.500g.) B 11.9 oD 1.6 6.6
A 76.6 87.2 95.6 87.1 A 35.3 38.1 Ly, 1 52.0
15.9.61 (no oil) P 19.4 25.3 27.4 25.4 (1inseed P 42.8 42.6 48.8 49,2
B . 20.5 19.6 16.9 0il,500g.) B 9.1 17.2 16.7 9.2

* A - acetic acid P - propionic acid B - butyric acid

-59—
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had been approximately 4.5:1.

Changes in concentrations of the fatty acids following infusion of
750 g. of emlsified linseed oil were observed on the second day (Table
13). Although the total concentration of VFA decreased by approximately
50%, there was almost no change in the concentration of propionic acid.
Acetic and butyric acids were both reduced to between one-third and one-
half of the former levels.

when the same weight of whale oil was introduced into the rumen,
no obvious effect on the concentration of individual acids occurred
until the second day of infusion (Table 14). As in the previous experi-
ment, the concentration of propionic acid remained at, or was higher
than, the control level despite a decrease in the concentration of total
fatty acids in the rumen.

Fluid Volume of the Rumen

The ingestion of freshly-cut pasture herbage caused a marked in-
crease in the fluid volume of the rumen and a decrease in the concentra-
tion of P.E.G. Therefore, tq improve the accuracy of the regressions,
separate exponential curves were fitted to the concentrations of P.E.G.
presert in samples of rumen liguor obtainad before and after each after-
noon feeding period (Table 15). Except for Cow A, Day 1, extrapolation
of both curves to zero-time gave reasonably similar estimates of the
initial concentration of marker. The average rumen fluid volumes of
Cows a and A immediately before the morning fueding were 57.6 and 52.9
1., respectively (volume for Cow A, Day 1, Period ii, omitted from

calculation.).
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Effect of Iipid on Cellulose Digestion

The intakes of the twin cows in the first part of experiment (v)
were very similar both before and on the first day of the addition of
lipid but it was apparent that 500 g. of emlsified linseed o0il added
to the rumen depressed the intake of hay on the second day of infusion
(Table 16). The second part of the experiment, which commenced 4 days
after the conclusion of the first, was less satisfactory because of a
carry-over effect of lipid. As a result, the intake of the control
animal (cow c) was well below that of cow C when the second trial began.
However, the effect of 1lipid may be assessed in part (ii) from the re-
duction in the dry matter intake of cow C from 5.5 kg. on the first day
of 1lipid addition to 4.2 kg. on the second day.

Added lipid depressed the digestion of cotton threads suspended
in the rumen (Table 17). Part (i) showed this to better effect because
of the carry-over effect of lipid in Part (ii). Judged by the loss of
weight of the cotton thread, cellulolytic activity was greater in the
ventral than in the dorsal rumen. The residual weights of cotton threads
were greater at 24 hr. in the presence than in the absence of lipid.

At 36 hr. the threads had remained unbroken in 3 of the 4 determinations
when lipid was added but had disintegrated in the absence of 1lipid.

The pre-feeding concentration of NH5 in the rumen varied between
2.6 and 5.1 mg./lOO ml.; peak levels recorded 2 hr. after feeding began
ranged between 4.9 and 14.9 mg./100 ml. with the majority between 9 and
12 mg./100 ml. (Appendix III). Four hours after the commencement of
feeding, the NH3 levels had returned to approximately the pre-feeding

concentrations.



Table 13. Concentrations of the individual volatile fatty acids (m-mole/l,) in the rumen
of twin cows stall-fed on freshly-cut mixed pasture with or without 750 g. linseed oil

Experiment (ii)

Time of sampling after Time of sampling after
commencement of feeding (hr.) commencement of feeding (hr.)
Dat
ate Gow 2 0 % L & 8 o A o 2 & 6 8
A* 45,5 73.5 69.0 61.6 58.7 A 37.2 63.9 71.9 55.3 53.2
13.11.61 (no o0il) P 8.3 18.9 16.8 14.3 9.2 (no o0il) P 5.7 10.9 13.2 .1 10.6
B 5.8 6.5 12.4 11.8 6.9 B 4,6 8.2 9.3 7.9 6.6
A 59.9 76.2 75.7 63.1 59.1 A 52.9 80.6 74.8 52.5 52.7 '
14.11.61 (no o0il) P 12.3 23.1 19.6 13.3 12.5 (1linseed P 11.7 22,8 17.3 18.6 23.3 o
B 9.8 13.1 15.1 16.6 9.3 0il,750g.) B 6+8 15.0 A3.7 12.8 12,00 %
'
A 45.7 69.9 58.3 62.4 49.5 A 35.6 31.6 21.3 24.3 21.3
15.11.61 (no oil) P 11.8 23.2 14,0 13.4 12.4 (linseed P 25.8 18.9 18.4 14.8 12.9
B 11.0 11.6 9.5 10.5 9.2 0il,750g.) B 4.1 5.4 2.9 4.0 3.2
A 64.7 7.6 75.0 52.1 51.6
16.11.61 (linseed P 2.4 1.9 12.1 1.6 15.8
0il,750g.) B 7.2 10.4 3.4 10.7 11.5
A - 27.5 26.8 24,0 s
17.11.61 (linseed P - 11.2 12.4 8.7 -
0il,750g.) B = L2 4.1 2.5 -

* A - acetic acid P - propionic acid B - butyric acid




Table 14. Concentrations of the individual volatile fatty acids (m-mole/1.,) in the rumen
of twin cows stall-fed on freshly-cut mixed pasture with or without 750 g. whale oil

Experiment (iii)

Time of sampling after Time of sampling after
Rate B commencement of feeding (hr.) Cow A commencement of feeding (hr.)
= 0 2 L 6 0 2 L 6
Ax 464 51.6 49.8 61.3 A W3 66.3 85.7 +85.3
7.5.62 (no o0il) P 11.1 15.9 19.7 19.4 (no oil) P 10.5 16.8 23.1 18.1
B 1007 9‘0 9‘8 16-7 B 8-8 11.7 2105 23.1
' A 45.0 61.2 73.3 73.6 A 37.6 71.2 81.6 70.4
8.5.62 (no oil) P 11.0 17.6 21.8 22.7 (whale oil, P 10.2 18.8 26.7 26.6
B 9.1 8.2 14.0 19.3 750 g.) B 11l.6 13.4 23.4  25.0
A L1.1 Ls.9 57.3 76.1 A 43,0 36.2 Lo.1 42.2
9.5.62 (no oil) P 11.0 12.4 16.0 23.4 (whale oil, P 26.6 27.7 33.6 29.4
B 7.8 11.5 10.9 15.8 750 g.) B 11.5 11.9 11.5 11.4
A hhy,2 80.3 104.7 72.9 A 36.6 60.9 71.0 76.1
16.5.62 (no oil) P 9.9 20.6 29.6 19.7 (no oil) P 8.6 19.1 19.3 21.8
B 9.9 10.3 19.5 20.3 B 5.9 12.9 12.9 4.4
A 45.1 64.4 99.3 93.1 A 31.6 60.0 8t.0 77.3
17.5.62 (whale oil, P 7.2 20.5 27.7 26.2 (no oil) P 76 172.% 24,5 21.4
750 g.) B 9.9 3.7 21.9 22.9 B 6.3 7.6 13.9 12,0
A b9.2 U46.8 57.3 55.2 A 33.2 57.0 73.3 70.0
18.5.62  (whale oil, P 26.9 26.7 34.5 32.7 (no oil) P 7.8 18.2 23.6 18.6
750 g.) B 19.8 12.7 15.4 12.9 B 6.6 7.7 17.1 11.7

* A - acetic P - propionic acid B - butyric acid
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Table 15.

Concentration of P.E.G. in rumen liguor (g./l.) and the fluid
volume of the rumen (1.) of twin cows as determined
following the introduction into the rumen of 100 g. of P.E.G.

Experiment (iv)

- = e —— —
— e —

Mean Standard errors Concentration - Fluid
Period concentration ti curv — e volume
(P.E.G.) 2 eakingky o e (5¥o® ) of rumen
Cow a
-.172
Day 1 (1)* 0.900 0.183 1.74e, 172X 55.5
(ii)*= 0.183 0.010 1.983.-.2311;: ug.s
Day 2 (1) 0.987 0.010 1.63e.-'1291x 59.3
(11) 0.161 0.005 1.45e, ~2140% 67.0
Cow A
Day 1 (i) 0.910 0.061 1.92e..'199ux 50.1
(ii) 0.137 0.004 1,240, 2148x 78.6
Day 2 (i) 0.883 0.090 1.75e."178“" 55.1
(i1) 0.113 0.016 1.80e, " 2703% 53.5
* (1) - period between morning and afternoon feedings (3 samplings at 2 hr.
intervals)

*% (ii) - period following afternoon feeding (3 samplings at 2 hr. intervals)
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Table 16.
Intake of ryegrass hay (kg. dry matter) by stall-fed
twin cows with or without added linseed oil (500 g.)

Experiment (v)

Dat 0il Morning Afternoon Total
© Added Cowg CowC Cowe CowC Cowe CowC

Part (i)

17.9.63 - 1.9 2.0 2.3 202 h.2 h.2

18.9.63 - 2.4 2.5 252 2.3 L.6 L.8

19.9.63 Linseed,500g. 2.2%* 2.3 2.4 2.2 L.6 4.5

20.9.63 Linseed,500g. 1.8% 2.1 0.5 1.0 2.3 3.1
Part (ii)

24.9.63 - 1.6 3.3 1.0 2.8 2.6 6.1

25.9.63 - 2.5 3.3 1.9 2.4 b,y 5.7

26.9.63 linseed,500g. 2.2 2.6% 2.6 2.9 4.8 5.5

27.9.63 Linseed,500g. 2.8 2.1* 2.0 2.1 4.8 b.2

* Animal received oil

No consistent differences in the conceuntrations of ammonia were
apparent following the addition of linseed oil to the rumen (Appendix III).

The pre-feeding levels of total VFA were in the range 51 - 86 m-mole
/1., increasing to peak levels of from 81 to 109 m-mole/l. at 2 hr. after
feeding began (Appendix IV). Concentrations of total VFA over the period
of sampling (2 - 6 hr.) appeared to be slightly depressed by the addition
of 1lipid, although the higher initial values obtained on the days subse-
quent to the addition of lipid may indicate that the fermentation was
more prolonged.

The only noticeable difference in the concentrations of the indivi-
dual volatile fatty acids following the infusion of 1lipid into the rumen
was an increase in propionic acid, particularly on the second day of

infusion (Appendix V). Before the addition of lipid, the concentration



Table 17. The digestion of cotton thread gﬁ of original wt. which remained undigested)

in _the rumen of cows fed on ryegrass hay with or without the addition of 500 g. linseed gil
Experiment (v)

Location of Time in rumen (hr.) Location of fTime in rumen (hr.)
Date Cow ¢ thread in Cow C threads in
rumen 10 24 36 rumen 10 24 36
Part (i)
17.9.63 (no oil) Dorsal 97.4 78.4 = (no oil) Dorsal 96.5 69.4 —
to 9.8 78.6 - 96.4 69.9 .
18.9.63
Ventral 97.1 76.3 -- Ventral 97.7 57.8 e
97.3 74.3 - 98.8 59.2 -
19.9.63 (linseed oil Dorsal 98.4 87.3 62.8 (no oil) Dorsal 97.7 73.2 =
to 500 g.) 98.1 85.5 59.1 97.3 73.1 _—
20.9.63
Ventral 100.0 71.2 47.8 Ventral 97.3 56.0 —
99.1 73.3 Lhy.8 98.3 51.7 -
Part (ii)
24.9.63 (no oil) Dorsal 97.7 90.3 79.6 (no oil) Dorsal 101.4 76.3 _—
to 98.1 90.6 76.1 99.9 69.8 -
25.9.63
Ventral 101.7 85.3 55.7 Ventral 103.2 54.2 -
98.0 79.7 L46.6 95.2 53.8 -
26.9.63 (no oil) Dorsal 99.6 78.6 56.4 (linseed oil Dorsal 97.5 84.5 53.7
to 98.0 80.1 55.3 500 g.) 96.6 85.1 55.1
27.9.63
Ventral 96.5 ©O4.5 - Ventral 97.1 71.9 —
97.3 65.7 -- 97.0 72.3 -

-ZZ;-
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of propionic acid prior to feeding and 6 hr. after feeding was generally
between 10 and 13 m-mole/l. rumen liquor. The levels at these times
increased to 17 and 22 and to 19 and 16 m-mole/l. on the second day of

infusion for cows ¢ and C, respectively.

Effect of Iipid on Rumen Motility

Two basic cycles of coordinated contractions occur in the reticu-
lorumen. These will be referred to as "A" and "B" sequences following
the nomenclature adopted by Reid (1963). The "A" sequence commences with
a double contraction of the reticulum followed closely by a contraction
of the rumen which begins in the anterior dorsal region and spreads to
the posterior and ventral regions. "B" sequences begin with a contrac-
tion of the posterior ventral blind sac, spread anteriorly through the
dorsal regions of the rumen and terminate with a contraction of the main
ventral sac. Contractions of the reticulum are not associated with "B#
sequences.

The effect of 200 g. of linseed oil, infused into the omasum, on the
frequency of the two types of sequences is shown in Fig. 7. During the
period before infusion (140 min.), the number of "A" and "B" sequences
averaged 10.9 and 5.1/10 min., respectively, with standard deviations of
0.9 and f0.7. For the period following infusion until feeding commenced
(90 min.), the average number of "A" and "B" cycles was 7.6 & 2.0 and
3.7 ¥ 0.7/10 min. ILittle change in the frequency of "A" sequences
occurred until 25 min. after infusion; hence, the large standard devia-
tion for the post-infusion period. The number of "B" sequences decreased

immediately after infusion.



Fig. 7. Variations in the number of coordinated contraction
sequences of the reticulorumen before and after the

infusion, over a 10 min. period, of 200 g. of linseed

oil into the omasum

ngn sequences/lO min, l—
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Feeding resulted in a rapid increase in both types of contraction
sycles but during tha period recorded (20 min.), had little effect on
the duration of each sequence. The time required to complete both types
of sequences was similar, ranging from 22 to 28 sec.

"B" gequences were almost invariably associated with eructations
both before and after infusion. Eructations also occurred either in
conjunction with "A" sequences or independently of both. A sharp tran-
sitory increase in pressure, which reached a maximum almost simultan-
eously in all regions of the reticulorumen, characterized each eructation.

The following day, during the 60 min. in which pressure changes
were recorded before the infusion of 500 g. of linseed oil, the number
of "A" sequences averaged 10.7 ¥ 0.7%/10 min. (Fig. 8). Little apparent
decrease in frequency occurred until almost 60 min. after infusion.
During the next 70 min. the average frequency of contraction seguences
was 6.75 T 1.23%/10 min.

Due to mechanical failure of tﬁe transducers located in the mairn
ventral sac and the dorsal posterior blind sac it was not possible to
obtain recordings of pressure changes in these regions. Consequently,
the frequency of "B" sequences could not be determined.

Rumination occurred intermittently prior to infusion on the second
day only. It was characterized by the occurrence of an extra reticulum
contraction just prior to the first of the diphasic contractions of the

reticulum which normally initiate an "A" sequence. The commencement and

*standard deviation



Fig. 8.

Variations in the number of coordinated contraction
sequences of the reticulum before and after the infusion,

over a 10 min. period, of 500 g. of linseed oil into

the omasum

"A" sequences/10 min, before infusion I:'

"A" sequences/10 min. after infusion
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conclusion of each period of rumination was marked by an interval of 1 -
2% minutes during which no major contractions of the reticulum or rumen
occurred.

On both days of infusion, a short period of rumination commenced at
the time when the rubber tubing was being inserted through the reticulo-
omasal orifice and continued for up to 4.5 min, after the infusion was
completed and the tube withdrawn. No further periods of rumination

occurred during the post-infusion period on either of the two days.
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Discussion

The addition of linseed oil generally resulted in increased concen-
trations of NH3 in the rumen of pasture-fed animals. Increased levels of
NH3 were also found in the rumen by Arth, Kaufmann & Rohr (1966) follow-
ing the addition of 0.5 or 1.0 kg. of tallow, coconut oil, palm oil or
oleic acid to rations for dairy cattle. Unless the oil acted as a physical
barrier to absorption it is unlikely that these increases were due to
decreased absorption from the rumen since the higher pH values in the
animals given oil compared with those for the controls, especially in
experiment (ii), would have favoured an increase in the absorption rate
(Coombe, Tribe & Morrison, 1960). Therefore, the increases in the con-
centration of NH3 appear to have been due to an effect of oil on protein
metabolism and would have occurred as a result of either increased
deamination of the amino acids in the rumen or reduced utilization of
NH3 by the rumen microorganisms. Davison & Woods (1960) found that the
addition of corn oil to rations high in roughage resulted in a decreased
retention of nitrogen and from the present work, it appears that increased
NH3 levels in the rumen might have caused higher losses of urinary and
faecal nitrogen. On the other hand, a decrease in NEB concentration
occurred after the addition of whale oil. This was possibly due to the
decrease in feed intake and, hence, protein intake, although decreases
in intake did not have this depressing effect on NH3 concentration when
linseed oil was used. The relationship between NH3 production and the
amount of oil and protein ingested appsars to be rather complex since
Chalmers (1960) has found that when nitrngen levels in the feed were 3%

of the intake of dry matter, the addition of oil to the ration depressed
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rumen NH3 concentrations but when nitrogen levels were L4,5% of the dry
matter intake, increased NH3 concentrations occurred. In the present
experiments (i-iii) the nitrogen levels in the pasture were approximately
3 and 4.5% of the dry matter for the linseed and whale oil experiments,
respectively. In experiment (v) in which linseed oil had no effect on
NH3 concentrations, the nitrogen level in the hay was 1.2% of the dry
matter.

The high protein levels found in New Zealand pastures, particularly
in late autumn and early spring (Johns, 1955 a) might be expected to
lead to conditions of NH3 toxicity. In tke present experiments maximum
NH3 concentration in the rumen (60-65 mg./100 ml.) occurred at the time
when pasture levels of protein were highest and of carbohydrate lowest.
Although no toxic symptoms were observed, these levels were of the mag-
nitude found by other workers (Head & Rook, 1955; Lewis et al., 1957) to
cause an increase in the level of NH3 in peripheral blood with eventual
toxic effects on the animal.

The highly significant negative correlation coefficient between rumen
pH and total VFA concentrations was slightly lower than that obtained by
Bryant (1961). However, both values indicate that a close inverse rela-
tionship exists between these two variables.

In considering the effect of the metabolism of glycerides on the
amounts of VFA produced, it can be calculated that complete hydrolysis
of 500 and 750 g. of linseed oil and the quantitative fermentation of
glycerol to propionic acid could account for increases in the concentration

of propionic acid in the rumen of approximately 10 and 15 m-mole/1l.,
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respectively, (fluid volume as determined by the P.E.G. method was approxi-
mately 55 1.). In experiments (i) and (iii) increases in propionic acid
concentration equalled or exceeded the calculated value. However, other
workers (Johns, 1953; Garton et al., 1958) have shown that glycerol is
fermented relatively slowly in the rumen and that the volatile acids,
predominantly propionic, did not account for more than 50% of the glycerol
metabolised (Garton et al., 1961). Therefore, very little of this increase
can be attributed to the oil itself and appears likely to have been brought
about by the effects of oil on the digestion of carbohydrates.

The most pronounced effect of added oil on the metabolism of carbo-
hydrates was a decrease in acetic acid concentration in the rumen. Some
of this decrease was undoubtedly due to the reduction in intake which
occurred in varying degrees following oil infusion. However, in experi-
ment (i) in particular, large reductions in the concentration of acetic
acid occurred and were accompanied by only small reductions in feed intake.
It was, therefore, probable that the oil had a direct effect on the meta-
bolism of the carbohydrate constituents in the pasture. Previous work by
Brooks et al. (1954), White et al. (1958) and Davison & Woods (1960)
showed that cellulose digestion was reduced when corn oil was added to
low quality rations. That the reduction in cellulose digestion would
reduce concentrations of acetic acid in the rumen is supported by the
results of many workers (Phillipson, 1952; el Shuzly, 1952; Gray et al,
1952; Annison, 1954; Balch & Rowland, 1957; Shaw, Ensor, Tellechea & lee,
1960). Blaxter (1962) summarized these results by stating:

"The fermentation of hexoses and the simpler carbohydrates

results in some production of lactic acid; propionic acids
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tends to be the most common of the fatty acids formed; and
acids higher than butyric acid are produced. The less
easily hydrolyzed carbohydrates yield no lactic acid, few
acids higher than Cy, and the major end-products seem to be
acetic and propionic acids, acetic acid predominating in

most but not all instances.™"

Pure culture studies of the mutritional requirements and major fer-
mentation end-products of rumen microbial species have added to our under-
standing of the reasons for these results. Bryant (1963) has compiled a
list of nutritional features useful for identifying many of the culturable,
anaerobic rumen bacteria. The bacteria which use cellulose as substrate,

which include Bacteroides succinogenes, Butyrivibrio fibrisolvens, Rumin-

ococcus flavefaciens, and R. albus, produce acetic acid. Propionic acid

is not a major fermentation end-product of any of these species.

The average fluid volumes of the rumen of cows a and A (57.6 and
52.9 1., respectively) were similar to that found by Hydén for a cow being
fed hay (mean, 50 1l.; range, 45-55 1l.) but are considerably higher than
the volume (approximately 32 1l.) obtained by Reid (1965) for a cow fed
freshly-cut red clover (Trifolium pratense). However, in the latter case,
the animal was only fed once a day for a period of 2 hr. As a result,
the intake of water in the feed was considerably lower than in the present
experiment (20.0 and 37.3 kg. of water/day, respectively). When fed
freshly-cut pasture (experiments i-iv) the cows seldom drank any additional
water. Therefore, much of this difference in fluid volume was probably

due to the difference in the volume of water ingested.



The coordinated contraction sequences of the reticulorumen followed
patterns similar to those reported previously for cattle (Reid & Cornwall,
1959) and sheep (Reid, 1963).

Infusion of linseed oil into the omasum was followed by a reduction
in motility of the reticulorumen. Titchen & Reid (1965) have indicated
that a gradual depression in motility is normally associated with the
change from a fed to a fasted condition. However, in the present experi-
ment, the length of the fasting period and the similar frequency of con-
traction sequences observed before infusion indicate that the subsequent
reduction was due to an effect of the oil. Similar results have recently
been reported by Titchen, Reid & Vleig (1966) following rapid infusion
(23 ml./30 min.) of linseed oil, a linseed oil hydrolysate, olive oil or
oleic acid into the duodenum of sheep. However, the charng: in relative
frequency of "A" and "B" sequences after infusion, observed by these
authors, did not occur in this experiment. They found that the intersity
¢ Lle depressing effect varied deperding on the substancs infused.
Differences betwesn animals were also observed. In the only specific
example cited, these workers noted that a reduction in frequency of "A™"
sequences became apparent 37 minutes after the start of an infusion of
linseed oil and continued for the next 150 minutes. This dose would be
similar, per unit of body weight, to the 200 ml. of linseed oil admin-
istered to cow C during the first part of the present experiment.

In monogastric animals, motility of the stomach is known to be
inhibited by the presence of lipid in the small intestine (Best & Taylor,

1961). Long chain fatty acids have been found to be more effective
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inhibitors than triglycerides (long & Brooks, 1965). This inhibition has
been shown by several workers (Farrell & Ivy, 1926; Ivy & Gray, 1937) to
be caused by a hormone, enterogastrone, produced in the mucous membrane
of the duodenum and carried to the stomach by the blood.

No experimental data on the effects of enterogastrone preparations
administered to ruminants have been reported in the literature. However,
Hill (1965) has stated:

"As in non-ruminant animals, the liberation of enterogastrone

by the presence of fat in the duodenum is followed by complete or

partial cessation of gastric secretion and inhibition of abomasal

and forestomach motility."
If this statement is correct, the production of enterogastrone appears to

be the most probable cause of the depression in rumen motility.
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Summary

The infusion of linseed or whale oil into the rumen of pasture-fed
twin cows resulted in marked reductions in intake, and in the con-
centratiens of acetic and butyric acids. Concentrations of propionic
acid, however, remained at or above the levels found during the

pretreatment periods. The effect on NH3 concentrations was variable.

The digestion of cellulose, as measured by the loss of weight of
cotton threads suspended in the rumen, was reduced following the

addition of linseed oil.
Added lipid also depressed rumen motility.

The fluid volume of the rumen was determined using polyethylene

glycol as a reference substance.

Part of the material presented in this section has been published in

the Journal of the Science of Food and Agriculture, 1964, 15, 274, 890.



Part 3. In vivo HYDROLYSIS AND

HYDROGENATION OF LIPID
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Materials and Methods

Treatment of Animals and Collection of Samplesg

The samples of rumen liquor on which the analyses described below
were carried out were obtained from rumen-fistulated twin cows (pair b,
B) during experiment (i) (Part 2). Consequently, the treatment of the
animals and the method of obtaining the samples were as described on

page 52.

Extraction of Lipid from Rumen Fluids

The lipid concentrations and compositional changes in the lipids
were followed in total rumen fluids as obtained abowve and in the clear
supernatant which was obtained by centrifugation of a further portion
of the total rumen fluids for 30 min. at 14,600 g. Both the rumen fluids
and the supernatant fraction were diluted with an equal volume of ethanol
and evaporated to dryness at approximately 60° in vacuo in a rotary
evaporator. The residue was extracted with diethyl ether and the extract
washed several times with water to remove non-lipid impurities. The
ether extract was then evaporated to dryness, the final stages being
carried out in vacuo. The extraction procedure described by Hilditeh
(1956) was used to separate fatty acids from the neutral lipid.

Separation of Iipids by Thin Iayer and Column Chromatography using
Silicic Acid

Qualitative separations of rumen lipids into fatty acids, di-, and
tri-glycerides were made on thin layers of Silica Gel G (Merck, Germany).
Slurries of silicic acid were prepared by the usual technique (Mangold,

1961) and applied to glass plates by the method of Lees and De Muria
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(1962). Petroleum ether-diethyl ether-acetic acid (90:10: 1, by vol.)
light petroleum-diethyl ether-acetic acid (60:40:1, by vol.) and toluene-
ethyl acetate-ethanol-acetic acid (10:5:5:0.1, by vol) solvent mixtures
were used to develop the chromatograms and the lipids were detected under
UV 1light after spraying with 0.2% 2', 7' - dichlorofluorescein in ethanol
(Malins & Mangold, 1960).

Rumen lipids were also chromatographed on columns of silicic acid
(Mallinckrodt) by the procedure described by Hirsch & Ahrens (1958) ex-
cept that smaller columns were used. These colums (12 em. x 1 cm.) of
silicic acid (7 g.) did not separate triglycerides and fatty acids but
enabled monoglycerides to be eluted in less than 500 ml. solvent.
Triglycerides and fatty acids were separated after column chromatography

by the usual solvent extraction procedures (Hilditch, 1956).

Separation and Determination of Fatty Aeids

The lipid fractions were saponified by refluxing with ethanolic
potassium hydroxide for 3 hr. and the non-saponified material was removed
by ether extraction. The fatty acids were then converted to methyl
esters by refluxing with 1% HpSO4 in methanol (Hilditch, 1956). These
were analyzed by gas-liquid chromatography in a Pye Argon Chromatograph.
To identify the methyl esters, Ry values were determined on 4 ft. x 4 mm.
i.d. columns of two types, (a) 20% Apiezon M on Celite 545 (48 - 85 mesh)
held at 200° and (b) 204 succinic acid-diethylene glycol on Celite 545
48 -~ 85 mesh) held at 150° (Hawke, Hansen & Shorland, 1959). The propor-

tions of each component were determined by measurement of peak areas.
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Results

Variations with Feeding in the Amounts of ILipid in Rumen Iiguor

Experiments (i-iii) (Part 2) showed a regular pattern of changes
in the levels of ammonia and volatile fatty acids in the rumen follow-
ing stall-feeding on fresh pasture. Increases in the lipid content
also occurred soon after feeding commenced (Table 18) in both the total
rumen liquor and in the supermatant fraction. The lipid of the total
rumen liquor would have included lipid from bacteria, protozoa, partly
digested plant material and the rumen fluid. The rumen fluid did make
some contribution to this increase but soon after the commencement of
feeding, it is assumed that partly digested plant material would have
been a major contributor. The lipid levels returned to approximately
the pre-feeding levels in 6.5 hr. even when linseed oil was infused into
the rumen. A large proportion of the linseed oil probably adhered to
the solid ingesta, since, in later in vitro experiments (Part 4) in
which 4 g. of linseed oil were added to 100 ml. of rumen liquor, it was
found that approximately 80% of the oil became adhered to the solid
material.

The proportions of free fatty acids in the total 1lipid of the
supernatant varied considerably. High values (>35%) were obtained on
two days and on one day very much lower values (8-28%)were obtained.

In general, the free fatty acid levels increased in the period of feed-

ing and a high level of lipase activity in the rumen was evident.

Fatty Acid Composition of Rumen Liquor

Palmitic, stearic, oleic, linoleic and linolenic acids were usually



Table 18. Iipid levels in rumen liquors !mg./lOO ml.) obtained from twin cows fed on
fresh pasture with and without the addition of linseed oil

I
l

Sampling time 31.7.61 29.8.61 30.8.61* 12.9.61%=*
Cow after commence-
ment of feeding Total 1 Total 1 Total 1 Total 1
(hr. ) Wuer Supernatant liquor Supernatant liquor Supernatant e Supernatant
b 0 72 11 (61) 7L £k} 50 20 (8) 173 38 (74)
2 108 19 (75) 132 23 L64 148 (22) 216 42 (69)
n 83 5 (40) 132 31 151 14 (27) 261 b2 (71)
6.5 55 7 (69) 100 18 - 10 (10) 105 34 (71)
B 0 68 7 (45) 66 14 34 12 (14) 165 30 (41) !
2 126 W (57) 122 55 192 16 (28) 684 138 (69) o
b 5 16 (35) 96 W 135 19 (14) 1ok 48 (75) '
6.5 L7 4 (50) 52 10 - 13 (10) 104 42 (86)

* 500 g. linseed oil added to the rumen of cow b after taking the first sample (0 hr.)

** 500 g. linseed oil added to the rumen of cow B after taking the first sample (0 hr.)

1 4 free fatty acids in brackets
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the major fatty acid constituents of rumen liquor obtained from cows
feeding on fresh pasture. Appreciable proportions of myristic acid were
found on one occasion (Table 19) but otherwise 1.0 - 3.0% was the more
usual proportion of this acid. In addition to myristic, palmitic and
stearic acids, the remaining saturated fatty acids from G2 to Cpg were
present as minor constituents. Small proportions (<3.5%) of C15 and
017 branched-chain acids were also present in rumen liquor. In order

to simplify the comparisons of major constituents, values for the minor
constituents have not been presented in the tables, Fatty acids above

C2p were not determined.

Table 19. Changes in the fatty acid composition of total

rumen liquor after feeding fresh pasture
(24.5 kg. to Cow B - 31.7.61)

Sampling time Fatty acids (moles %)

after commence- 1= o 3=

ment of feeding Ciy C16 Ci8 Cis Cis Cig”
(hr.)
0 9.2 27.4 41.6 21.6 1.5 -
2 23.1 16.3 24.7 20.7 7.8 7.3
L .0 16.7 49.2 21.0 6.4 0.8
6.5 - 39.1 30.5 15.6 10.9 3.9

The proportions of the major fatty acid components, after an overnight
fast, varied considerably (Tables 19 and 20). Stearic acid was quantita-
tively the most important fatty acid, followed by palmitic and oleic acids.
The unsaturated fatty acids did not make a large ccntribution to the total
fatty acids present and again appreciable fluctuations in the proportions

of these acids occurred.
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Table 20. Comparison of changes in the fattv acid composition of
total rumen ligquor from twin cows

(Cow b fed on fresh pasture (24.9 kg.) and linseed oil

(500 g.) added to the rumen. Cow B fed on fresh
pasture (36.3 kg.) - 30.8.61)

Sampling time ) —
T gl Fatty acids (moles %)
ment of feedin = = =
oy C16 C18 Cig’”  C15”" Gy
Composition of
linseed oil 6.1 2.9 16.7 17.6 5647
Cow b (linseed
oil added)
0 23.8 32.9 26.4 12.2 4.?
2 6.7 3k 17.0 18,7 5442
I 8.0 9.6 33.9 29.2 19.3
6.5 10.6 18.3 37.9 28.9 3.3
Cow B
0 23.0 54,5 6.1 12.3 4,1
2 17.0 57.2 1308 u05 ?.5
L 18.1 Lh,7 19,1 8.6 9.5
645 31.2 k5.2 17.2 6.2 042

Despite the considerable variability in the relative proportions
of the major components, a distinct pattern of changes in composition
was apparent with increased time after the feeding of fresh grass and
clover, These changes were consistent with the known hydrogenation
reactions in the rumen and, following a rise in the proportions of the
unsaturated fatty acids after feeding, there was a progressive shift
from linoleic to oleic, The data obtained from Cow B (Table 20),
showed that there may be some delay in release of plant lipid as there
were considerable increases in the proportions of palmitic acid 6.5 hr.

after the commencement of feeding.
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Four and 6.5 hr. after the infusion of linseed oil into the rumen
there was a very rapid decrease in the proportions of linolenic acid,
accompanied by increases in the proportions of linoleic, oleic and stearic
acids as a result of in vivo hydrogenation. A decrease in the amount of

lipid present in the rumen accompanied these changes (Table 18).

Fatty Acid Composition of Rumen Supernatant

Only small amounts of lipid were released into the supernatant after
feeding on fresh forage alone (Table 18). At the conclusion of the
feeding period, i.e. at 2 hr., increased proportions of oleic acid were
present and at 4 hr. some linoleic acid also appeared (Table 21, cow B).
In addition, appreciable proportions of myristic acid and some unidentified
fatty acids of lower molecular weight (Cy, - Cjp) were present.

Even a short time after the infusion of linseed oil, only about one-
third of the total lipid in the rumen liquor was in the supernatant
fraction and the degree of unsaturation of the 1lipid in this fraction
decreased rapidly, very little unsaturated fatty acid remaining at 6.5
hr. (Table 21, cow b).

Further examination of the lipids in the rumen supernatant 4 hr.
after infusion of linseed oil into the rumen was carried out after
fractionation into free fatty acid, triglyceride, diglyceride and mono-
glyceride on silicic acid columns (Table 22)., Only 41% of the lipid
eluted from these columns was triglyceride and hydrolysis products of
triglyceride. The remainder was green and yellow pigment which was eluted
with light petroleum and phosphorus - containing lipid, mixed with green
pigment, which was eluted with methanol. Compared with the results of a
similar experiment given in Table 21, the lipids showed a greater overall

hydrogenation at 4 hr. The free fatty acid fraction was more saturated



Table 21, Comparison of changes in the fatty acid composition of the major
constituents of the supernatant obtained from rumen liquor

(Samples corresponding to those in Table 20 for total rumen liquor)

Sampling time

aften CalMEHces Fatty acids (moles %)
ment of feeding = = = =
(hr.) Cly  Cisiso C15 €16 C16'° Cipise C17 Ci1s  Cisl™ C1%= Ci8d
Cow 2 (1inseed 0 2.2 2.2 106 35.5 - 0.5 106 51.6 3.2 1.6 tr.
oil added) 2 tr.* - - 14,0 - - - 12,0 22,0 16,0 36.0
L 2.9 - 1.9 23.3 - - - 16,9 12.3 39.8 249
6.5 6.“‘ 3.8 5.1 3509 - - - %.2 tre. tre. tre.
Cow B 0 7.3 5.2 3.1 U469 - - - 375 - - -
2 14,8 2.9 34 U412 1,0 1.0 1.5 31.3 2.9 - -
L 5.3 4.4 2.2 38,7 2.2 0.9 1,8 26,7 13.8 4,0 -
605 9."" u.? "".0 uBO? tr‘ L 103 27.5 9.“ tr. -

* tr. = trace

-06-
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Table 22, Fatty acid composition of triglycerides and the hydrolysis

products of triglycerides in the supernatant of rumen contents
four hours after infusion of linseed oil

(total lipid = 106 mg./100 ml. supernatant rumen fluid)

Amount Fatty acids (moles %)

Lipid Fraction (wto-%) C16 Ci16¥™ Ci1g8 €18 C18%= €187

Triglyceride 24,2 373 2.6 20,5 18,2 15,0 6okt
Diglyceride 13 03 29 ° l 2 05 30 ° u‘ 2“. 0 luo 0 tr ¥
Monoglyceride 27.3 28,7 3.4 31,6 16.1 19.1 1.0
Fatty acid 35.2 29,1 241 49,0 14,6 4,9 243

* tr., = trace

than the triglyceride fraction, while the partially hydrolysed glycerides
were of intermediate satwration. Despite being the least saturated of the
four lipid components examined, the composition of the triglycerides was
very different from that of the linseed oil infused into the rumen (Table
20), the most abundant fatty acids being palmitic and stearic acids with

oleic, linoleic and linolenic acids in decreasing order of abundance,

Qualitative Separation of Lipid by Thin Layer Chromatography

The presence of various lipids and hydrolysis products in the rumen
supernatant obtained from cows on a grass and clover diet, with and
without added linseed oil, was demonstrated by chromatographing lipid
extracts on thin layers of silicic acid and spraying with 2¢, 7', -
dichlorofluorescein. Fatty acids were found to be present before and
after feeding grass and clover but diglycerides only after feeding.
Triglycerides could not be detected, but unidentified fluorescent spots
ran ahead of triglyceride at or near the solvent front in light petroleum.
diethyl ether-acetic acid (60:40:1, by vol.). Fluorescent material which
remained at the origin in this solvent was shown, by developing chromato-

grams with toluene-ethyl acetate-ethanol-acetic acid (10:5:5:0.1, by vol.),
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to include mono- and di-galactolipid. Slower moving spots also present
were probably partial hydrolysis products of galactolipids,

Fluorescent compounds corresponding to triglycerides and diglycerides
were found in the rumen supernatant, in addition to fatty acids, after
linseed 0il had been added (Fig. 9). The intensity of the diglyceride
spots increased with time over the 6.5 hr. sampling period. Mono-
glycerides could not be detected but green pigmented material which ran
at the same rate as the monoglyceride standard could have masked the

monoglycerides if they were present,



Fige 9. Separation of neutral lipids from rumen liquor by TIC on
silicic acid. From right to left: 1, pre-feeding sample;
2, sample 2 hr. after commencement of stall-feeding on mixed
pasture and addition of 500 g. linseed oil; 3, oleic acid;
b, (in descending order) galactolipid, monopalmitin, o’ , «
-distearin, trimyristin; 5. &4 hr. sample; 6. 6.5 hr.
sample, Developing solvent: 1light petroleum-diethyl <ther-
acetic acid (60:60:1 v/v). Detection with 0.,2% 2, 7' - di-
chlorofluorescein in ethanol and photographed under UV

illumination.
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Discussion

The wide variations in lipolytic activity of rumen fluids reported
by other workers (Garton et al., 1961; Wright, 1961; Allen et al., 1959)
have been found to occur in the present in vivo experiments and may be
similarly attributed to wvariations in the microbial population and in the
ability of the micro-organisms to metabolize lipid. Reasonable agreement
was obtained between pairs of animals at the one time, but, despite a
similar feeding regime, appreciable differences in the lipid levels and
in the proportions of non-esterified fatty acids occurred between
experiments. This may indicate that compositional changes in pasture
plants influence lipid metabolism as well as affecting protein and
carbohydrate metabolism (Part 2).

The rapid return of the lipid content of rumen liquor and rumen
supernatant to pre-feeding levels, even when emlsified linseed oil was
intreduced, was also observed by Hoflund et al., (1956). It is unlikely
that passage of the emulsion from the rumen would occur so rapidly and
in vitro experiments (Part 4) showed that the rapid decrease in lipid
levels in rumen liquor is probably due to the occlusion of lipid on
particulate material in the rumen.

The presence of mono- and di-glycerides in the rumen after the
infusion of linseed oil was of particular interest: Garton et al., (1961)
could not detect these intermediates of triglyceride hydrolysis after
incubation of linseed oil with rumen liquor obtained from sheep being
fed on hay and concentrates. Furthermore, diglycerides were also detected
in rumen liquor obtained from a fistulated cow fed on fresh pasture

alone; this may indicate a difference in metabolism in the rumen of
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animals fed on fresh pasture and on hay and concentrates. Since mono-
and di-galactolipids are the most abundant lipids in grasses and clovers
(Weenink, 1959) and « and 4 -galactosidases have been found in rumen
microorganisms (Conchie & Ievvy, 1957) these lipids would seem to be the
most likely precursors of diglycerides. However, in more recent in vitro
experiments (Hawke & Weenink, pers. comm.) diglycerides could not be
found among the hydrolysis products when galactolipids were incubated with
rumen liquor.

In vitro experiments (Shorland et al, 1955; Garton et al, 1961)
have shown that linolenic acid, the most abundant fatty acid constituent
in pasture grasses and clovers (Weenink, 1959) in very rapidly hydrog-
enated by rumen micro-organisms. Because changes are being followed in
a dynamic system, in vivo experiments are less satisfactory for following
quantitative transformations between fatty acids. Nevertheless, the
information obtained here does show that, in cows on a diet of fresh
grass and clover, there is rapid hydrogenation in the rumen. Six and a
half hours after the addition of 500 g. of emulsified linseed oil, above-
normal proportions of linoleic acid persisted in the rumen but the
proportions of linolenic acid had returned to about the pre-feeding level,
Thus, it can be readily appreciated why variations in the nature and the
amount of 1lipid in the normal diet of ruminants are not likely to affect
greatly the composition of the depot and milk fat. However if, as suggested
by Shaw et al, (1960), dietary changes can markedly alter hydrogenation
activity, variations in the composition of pastures at different stages
of growth could still be one of the factors responsible for the regular

seasonal changes in the proportions of unsaturated fatty acids, principally
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oleic acid, in the milk fat of grazing cows (Hawke, 1963). Furthermore,
in view of this rapid hydrogenation within the rumen, the presence of
11.5% of linolenic acid in plasma lipids of pasture-fed heifers (DBuncan
& Garton, 1962) is unexplained.

The present work has confirmed the finding of Garton et al (1961)
that fatty acids released from triglycerides by lipolysis undergo more
extensive hydrogenation than triglyceride fatty acids. Compared with
the composition of linseed oil, however, the triglycerides extracted from
rumen liquor 4 hr. after the addition of linseed oil, were much more
saturated; the proportions of the unsaturated fatty acids in partially
hydrolysed lipid were not greatly different to those of the triglycerides.
The presence of large proportions of palmitic acid lends support to the
suggestion (Garton et al, 1961) that this fatty acid might be derived
from the Cyg fatty aclids of linseed oil. Increases in the proportions
of palmitic acid during the post-feeding period were also observed when
cows were receiving a diet of grass and clover only. Gray, Pilgrim,

Rodda & Weller (1952) could find no evidence for the synthesis of palmitic
acid from short chain fatty acids, although this is a well-established

route to palmitic acid in other biological systems (Wakil, 1961).
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Summary

The hydrolysis and hydrogenation of grass and clover lipids and

linseed oil have been followed in fistulated twin cows.

Mono- and di-glycerides, in addition to fatty acids, were found in

the rumen liquor after infusion of linseed oil into the rumen.

The proportions of linoleic acid found in rumen liquor 6.5 hr.
after infusion of linseed oil were above normal but the proportion
of linolenic acid had returned to about the pre-feeding level in

this time,

The free fatty acids were more saturated than the unhydrolysed
triglycerides, but the proportions of unsaturated fatty acids in
the partially hydrolysed glycerides were not greatly different to

those of the triglycerides.

The material presented in this section has been published by the

Journal of the Science of Food and Agriculture, 1964, 15, 283,



Part U4. EFFZCT OF LIPID ON MICROBIAL

ACTIVITY in vitro
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Materials and Methods

Preparation of Rumen Liquor and Substrates

Non-lactating fistulated cows, which were fed indoors and fasted
overnight before samples were taken, provided the source of rumen liquor.
Rumen samples were strained through muslin and the liquor held in a
vacuum flask (previously warmed to about 40°) during the setting up of
the manometric apparatus.

Rumen liquors were obtained from cows fed on fresh grass (Lolium
perenne) when soluble ryegrass constituents were used in the incubation
experiments, whereas the cows were on a hay diet in the experiments with
ryegrass fibre. These feeding regimes were chosen following the suggestion
of Boda & Johns (1962) that selection of diet is necessary in order to
decrease adaptation effects when investigating separately the fermentation
of soluble and fibrous dietary constituents.

Plant juices and fibre were prepared by passing freshly-cut perennial

ryegrass (Lolium perenne) through a Bentall 'Protess' extraction plant.

The juices, which contained 9.8% dry matter, were frozen in 600 ml.

batches and the fibre was washed in running tap-water for 3 hr. before it

was freeze-dried. Both fractions were held at -25° until required.
Linseed o0il and whale oil emulsions in water (50:50, w/v) were used

as substrates along with plant juices or plant fibre.

Measurement of Fermentation Rates

Incubations of rumen fluids were carried out at 39 ¥ 0,5° in bottles
of one pint capacity fitted with rubber stoppers; one lead through the
stoppers was connected to a manometer (260 ml.) and the other was fitted

with a valve to permit the addition of oil emulsion and plant juices and
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the acidification of the contents (Boda & Johns, 1962). To ensure
release of dissolved CO,, gas volumes were measured after acidification

with 4 ml. 10 N-sulphuric acid at the conclusion of the incubation pericd.

Incubation of Rumen Fluids with Lipid and Grass Juice

Eight bottles were used in each experiment and were placed on shaker
racks in the water bath at 39°., Rumen fluid (100 ml.) obtained from a
cow feeding on freshly-cut grass was added to each bottle and the bottles
were gassed for one minute with a mixture of 95% N2/5% CO2. Ryegrass
Jjuice (20 ml.) was added to six bottles and water (20 ml.) to the
remaining two bottles which acted as blanks. The appropriate volume of
oil/water emulsion (2, 4 or 8 ml.) was added to three of the six bottles
containing ryegrass Jjuice and an equal volume of water added to each of
the two blanks and the remaining three bottles which contained ryegrass
Jjuice. The bottles were then shaken momentarily by hand to ensure
adequate mixing and the manometers adjusted to zero.

One of the blanks was acidified at zero time and the other at 3 hr.
The difference in manometer readings between the two blanks measured the
gas produced by fermentation of material present in the rumen liquor.

Of the remaining bottles, one with added oil and one without added oil
were incubated for 1, 2 and 3 hr. respectively. Any difference in these
pairs measured the effect of added oil on the metabolic acitivity of the

rumen micro-organisms.

Incubation of Rumen Fluids with Lipid and Grass Fibre

The effect of lipid on the fermentation of plant fibre by rumen

fluids was determined in a similar manner to that described above,
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Because the amounts of volatile fatty acids formed were likely to depress
the pH of rumen liquor over a considerable portion of the 48 hour
experimental period, a bicarbonate/phosphate buffer (pH 7.0) which was
similar in composition to saliva (McDougall, 1948), was used. One g. of
washed ryegrass fibre, 100 ml. of rumen fluid, obtained from a cow on a
hay diet, and 30 ml. of buffer were incubated with or without 4 ml.

linseed oil emmlsion for 12, 24 and 48 hr,.

Analytical Methods

Ammonia, total volatile fatty acids, proportions of individual
volatile and non-volatile fatty acids in rumen liquor, and soluble sugars
in the grass extracts were determined as described previously (Parts,

1, 2 and 3). A measure of the effect of lipid on fibre digestion in 48
hr. under in vitro conditions was obtained by determining the residual
crude fibre (A.0.A.C., 1960) before and after fermentation. Total nitrogen

was determined by the Kjeldahl method (A.0.a4.C., 1960).

LIBRARY
MASSEY UNIVERSITY
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Results and Discussion

Effect of ITipid on the Fermentation of Soluble Ryegrass Constituents

A series of preliminary experiments were conducted in each of which
eight bottles (two containing 100 ml. of rumen liquor and 20 ml. of water
and six containing 100 ml. of rumen liquor and 20 ml. of ryegrass Jjuice)
were used. Two of the units containing ryegrass Jjuice were acidified after
incubation for periods of 1, 2 and 3 hr. Excellent agreement was obtained
between duplicates in terms of ammonia concentrations and of gas and total
volatile acid production (Table 23). Therefore, although direct comparisons
between experiments are not valid due to the variation in the initial
values for rumen liquor, differences between the values obtained for the
control and experimental units (i.e. no lipid vs. lipid) within each of the
later experiments should indicate an effect of the addition of 1lipid.

The addition of ryegrass juice to rumen liquor considerably increased
the amount of fermentation products (Table 24), It is likely that the
soluble sugars present in the ryegrass juice (34 mg./ml. extract) were
primarily responsible for the increase in gas and VFA over the 3 hr.
incubation period. Similarly, the ryegrass juice which was high in crude
protein (17.7 mg./ml.) produced approximately twofold increases in NH3
concentration.

Despite standardization of the feeding regime and of the sampling
time, the rumen liquors before incubation contained between 4.0 and 6.7 mg.
of NH3/100 ml. of rumen liquor and 38.9 - 68.6 m-moles of volatile acids/ 1.
of rumen liquor (Table 24)., Similarly, differences in the concentrations
of NH3 and of total VFA were found on several occasions after incubation

of rumen liquor with ryegrass extract. This would appear to be due to day-to-
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day variations in either the total number of organisms or in the relative

proportions of different microbial species (Wilson & Briggs, 1955).

Table 23, The formation of gas, NH3 and VFA from rumen
liguor incubated with ryegrass juice

Incu-

bation 9/ 4/ 62 11/ 4/ 62 18/ 4/ 62
time
(hr.) B* C**x  C** B C C B C C
Gas 0 160 160 160 97 97 97 147 147 147
production 1 185 186 140 137 190 194
(ml) 2 201 205 158 159 215 213
3 176 211 213 124 174 172 230 230
(mg./ 1 21.93 21.86 14,61 24,37 29.91 29,95
100 ml.) 2 24,47 24,51 3034 30442 33.46 33.71
3 15.5 28.19 28,30 19.1 34.57 34,60 22,5 37.23 36.97
VFA 0 533  53.3 533 712 712 71,2 64,2 6M4.2 64,2
(m—mOIQ/l) 1 67.9 68.3 85 07 8502 83 08 83 02
2 74,0 741 B9 94,2 92,0 92,1
3 5646 78.8 78+.2 70,4 101,1 101.5 64,0 99,4 99,0

* = blank, rumen liquor only

** = controls, rumen liquor and ryegrass Juice

The incubation of 1, 2 and 4 g. of linseed or whale oil with rumen
liquor had no appreciable or consistent effect on the rate of fermentation
as measured by gas production (Table 24)., Thus, the rate of fermentation
of soluble ryegrass constituents by rumen organisms in vitro appeared to

be little affected by lipid.
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Table 24, The formation of gas, NH3, and total VFA from rumen liquors incubated
with linseed oil or whale oil in the presence of ryegrass juice
Incub~ linseed oil added Whale oil added
ation
time i - 18! - 28- - - ’-‘-g. e lgi - - Zgo - - "*g.
(hr.) B* C** E*** B E B C E B B C B B C E

Gas 0 75 75 75 165 165 165 156 156 156 103 103 103 135 135 135 163 168 168

production 1 128 130 229 224 220 - 157 161 201 200 210 212
(ml,) 2 164 159 261 256 253 254 183 182 224 223 223 228

3 90 194 192 184 277 286 167 272 278 116 215 215 153 248 2u6 178 252 -

NHj 0 4,01 L,01 4,01 6.65 6.65 6.65 645 645 6sl45 5.80 5.80 5480 6.03 6.03 6403 5489 5489 5489
(mg./ il 10,27 10,48 13.66 13.35 12,68 - 12.71  13.20 13,12 14.90 10,02  10.63
100 ml,) 2 13.99 14,90 17.83 18,07 16,61 16.08 15,69 15.85 16,50 16,22 11,68 11,71

3 7.56 15.83 16,17 9,76 20,14 19.75 8.19 17.28 18.70 8,67 17,72 18,62 8.61 17.97 18,68 723 13,68 13.80

VFA 0 68.6 6846 6846 41.3 41,3 41,3 41,7 41,7 41,7 50,4 50.4 504 Lo.8 49,8 49,8 38.9 38.9 3849

(m—mole/l) 1 90.5 3.0 63.1 63.6 63.0 - 7040 71.4 7 1% 7249 L6,9 51.7
2 105.5 104 .4 76,8 7843 76.9 7760 81.9 80,4 82,2 8l.5 63.1 65.1
3 7445 115,0 114,1 55.1 84,1 83.2 46,3 81.8 84,6 53.4 89,9 92,8 55.3 92,0 90.9 L2,7 72,5 73,0

*
1

koK

% %k 5k

blank, rumen liquor only,

control, rumen liquor and ryegrass juice,

experimental, rumen liquor, ryegrass juice and oil,
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Concentrations of Nﬁ3 in the rumen liquors incubated with lipid were
generally higher than those for the controls. Increasing the amount of
lipid from 1 to 4 g. did not appear to accentuate this effect. The increases
in NH5 concentration, although small, lend support to the findings of
earlier in vivo work (Part 2) in which linseed oil produced irregular
increases.

After 1 hr. the concentrations of total VFA in the presence of lipid
were from 08 to 10.2% higher than those for the controls although after
3 hr, no differences were apparent. The effect of either linseed or whale
oil on acetic acid and butyric acid concentrations was small and variable
(Table 25), but concentrations of propionic acid were from 2,2 to 9.4%
higher when lipid was added. In the short incubation times used it is
unlikely that glycerol, produced on hydrolyses of lipid, would have made
a significant contribution to the increase in propionic acid (Garton
et al, 1961).

The addition of 2 g. of lipid to 100 ml. rumen liquor and 20 ml.
ryegrass Jjuice gave a lipid concentration comparable to the addition of
about 900 g. lipid to a rumen with a fluid volume of 55 1. (Part 2 ).
Consequently, the absence of any marked differences in gas production,
NH3 or total VFA concentrations in these short-term incubations suggests
that the variations found previously when lipids were added to the rumen
were not due to a decreased activity of the rumen micro-organisms in the

fermentation of soluble constituents which are present in ryegrass Jjuices.

Hydrogenation of Linseed 0il by Rumen Liquor

During the short-term incubation periods used it was found that the

activity of the rumen micro-organisms changed the proportions of the fatty



Table 25, Concentrations of acetic, propionic and butyric acids (m-mole/l.,) formed
on incubation of rumen liquor with linseed oil or whale oil

—_ —

B* C** E¥%* B C E B C E
0 hr, 3 hr, 3 hr. 0 hr. 3 hro 3 hr, 0 hr, 3 hr, 3 hr,

Linseed oil - - 1g. - - 28 - - Lg,

Acetic 51.“ 79.6 77.1 30.6 61.? 61.7 31.1 60.0 61.2
Propionic 11.2 23.5 25.1 5.9 14,8 15.2 6.0 14,9 16.3

Butyric 6.0 10.1 11.9 ’-‘.8 706 603 4.6 6.9 7.1

Whale oil - - 1g. - - 2g. - - Leg, \
Acetic 36,3 62,5 66,4 37.1 64.1 62,1 -
Propionic 7.3 18.2 19.1 6,8 18,0 18.4 o
Butyric 6.8 77 73 5.9 9.9 10.4 '

* = Blank, rumen liquor.

% %k

Control, rumen liquor and ryegrass Juice,

**% = Experimental, rumen liquor and ryegrass julce and oil.
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acids originally present in linseed oil (Table 26). Hydrogenation of
each of the tri-, di-, and mono-ethenoid Cjg acids had occurred but the
greatest changes involved the more abundant linolenic acid. Reductions
of 11 and 5% in linolenic acid occurred in the supernatant and solid
fractions of the rumen fluids, respectively, between 1 and 3 hr. after
the addition of oil., The increases in the proportions of the dienoic and
monoenoic acids indicate that the more unsaturated acids were preferentially
hydrogenated., Incubations for 24 hr. of linseed o0il and rumen liquor
carried out by Garton et al. (1961) resulted in a much greater degree of
hydrogenation, the proportion of Cjg-triencic acid decreasing from 54.5
to 5.1% of the total fatty acids. Hydrogenation appears to be more rapid
in vivo, because very little Cjg-trienoic acid remained 6,5 hr. after
infusion of linseed oil (Part 3).

Separation of the rumen liquor into a supernatant liquid and a
residue showed that about four-fifths of the added lipid became occluded
on the small particles present in the strained rumen liquor (Table 26).

It seems that a similar occlusion of oil to particulate material occurs
in the rumen (Part 3).

Before the addition of lipid, rather more palmitic acid and less
stearic and linolenic acids were found in the residue than in the super-
natant liquid. However, after the addition of linseed oil the differences
in the proportions of the major fatty acid components in these two fractions
Wwere small and largely within analytical error. The residual fractioms,
probably representative of the composition of the micro-organisms present,
contained higher proportions of the branched-chain and odd-carbon fatty
acids. In order to facilitate comparisons of the major fatty acid components,

the amounts of these acids which were present only in traces in the samples



Table 26. The amounts (g.) and composition (moles %) of lipid in fractions of rumen liquor

before and after incubation of strained rumen contentg with linseed oil

Rumen liquor (100 ml.) with and without 4 ml. linseed oil*

Supernatant Residue
Rumen Rumen liquor and lipid Rumen Rumen liquor and lipid
liquor _Time of incubation (hr,) liquor _Time of incubation (hr,)

Wte of alone 1 2 3 alone 1 2 3
lipid (g.):- 04072 ,04706 0,655 0.711 0.076 .2,718 2,719 2,343
Fatty acid

C12 2.1 1.3

Cy3°F 047 1.0

CB 103 0.1& !

l=or br o

Ciy Oolt 1.7 o
Ciy 2.9 tr. tr, 0.8 4.8 0okt tr. 0.7 '
Glsbr 0.8 7.8

C15 0.6 5.“

C16 = 0.2 0.8 2.5

016 2“08 9.8 902 902 3003 807 8.6 8.9

Cl?br 0.6 2.7

Cl'? 1.0 207

C183= 13.0 u?ou u5¢8 u203 5.6 49.0 u8.8 #6.6

c18>" 5.9 W4 13.9 161 5.8 148 16 6.1

c1s¥" 11.8 22,6 24,8  2U4.6 11.3 21.5 23,3  22.2

018 3307 5.8 603 602 1607 506 507 6.5

* = Fatty acid composition of linseed oil (moles $): C16. 6.1; 0183=' 56.7;
C182=9 17.6; C181=! 16.?; ClBo 2,9,

br. = branched;

tr. = trace.
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incubated with linseed oil are not recorded in Table 26,

Effect of Lipid on the Fermentation of Grass Fibre

Over a 48 hr. period, gas production from 100 ml. rumen liquor in the
presence of 1 g. ryegrass fibre was 2 to 3 times greater than endogenous
fermentation. Ryegrass fibre produced very much slower rates of fermentation
than ryegrass juice when incubated with rumen liquor (Tables 23 and 27),

Gas production was slightly higher in the presence of 2 g. of linseed
oil at 12 and 24 hr. but was lower at 48 hr. In two experiments, the
respective weights of residual crude fibre after 48 hr. incubation with
lipid were 21.3 and 7.2% of the initial weight of crude fibre added,
compared with 16,9 and 1.6% without lipid. Linseed o0il depressed ammonia
production at 48 hr. (Table 27). This effect is opposite to that found
in the presence of soluble constituents (Table 23).

Consistent with the differences in residual crude fibre, added 1lipid
slightly depressed the levels of total volatile fatty acids produced over
48 hr. (Table 27) although the formation of VFA was faster and produced
slightly higher levels at 12 and 24 hr, However, the concentrations of
acetic and propionié acids at 48 hr. were markedly affected (Table 28)
with decreases in acetic acid (10 - 12 m-mole/l.) being approximately
balanced by increases in propionic acid (8 - 11 m-mole/l.). The
concentrations of butyric acid were little affected.

The longer incubation periods used in these experiments probably
allowed sufficient time for a substantial amount of hydrolysis of the
linseed oil. Complete hydrolysis of 2 g. lipid and a quantitative
conversion of the glycerol moiety to propionic acid would account for an

increase in the concentration of propionic acid of slightly less than

0.30 m-mole/1. The observed increases (8.5 and 11.3 m-mole/l.) far



Table 27. The formation of gas, NH, and total VFA from rumen liquor incubated
with linseed 0il”in the presence of ryegrass fibre

Incubation Experiment (i) Fxperiment (ii)

Time (hr.) B* Crr  Exx B C E
Gas Production (o] 124 124 124 104 104 104
12 5 191 205 - 166 179
24 - 252 261 - 228 236
48 186 294 272 165 287 252
12 - 15,41 14,94 - 11.53 .71 :
24 - 20, 20,05 - 21,96 24,01 N
48 23.73 34,03 27,01 28,23 37.58  28.92 5
Total VFA (m-mole/1.) 0 5640 5640 56.0 6642 66.2 66.2 '
12 - 80.6 8605 = 92,1 9‘*09
24 - 101.5 104,.8 - 111.6 114 .4
48 4.5 115.8 115.4 8743 128,3 125.0

*
]

blank, rumen liquor.

** = control, rumen liquor and fibra.

% %k %k

experimental, rumen liquor, fibre and 2 g. lipid.
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Table 23. Concentrations of acetic, propionic and butyric acids
(m-mole/1.) formed on incubation of rumen liquor with
2g. linseed oil in the presence of ryegrass fibre

B* B* C*x* E*%x %

Time of incubation (hr.): - 0 L8 L8 48
Experiment (i) Acetic Lo.,5 51.8 80.9 70.7
Propionic 9.2 13.0 20.0 31.3
Butyric 6.3 9.8 14,8 13.4
Experiment (ii) Acetic L9.,2 64.2 92,9 80.4
Propionic 9.7 12.6 20.0 28.5
Butyric 7.3 10.6 15.4 16.1

*
]

Blank, rumen liquor.

* Xk

Control, rumen liquor and ryegrass fibre.

%k %k Xk

Experimental, rumen liquor, ryegrass fibre and
linseed oil.

exceeded the theoretical value and must therefore have been due to an
effect of lipid on carbohydrate digestion.

The results of the present in vitro experiments with linseed oil and
ryegrass Jjuice extracts high in protein (20 ml. = 350 mg. crude protein)
are consistent with the results of earlier work (experiments @ and ii),
Part 2) which showed that the addition of linseed oil to cows feeding on
pastures high in protein - N increased NH3 concentrations in the rumen.
However, linseed oil produced the opposite effect when juice extracts
were replaced by ryegrass fibre (1 g. = 200 mg. crude protein). This
relationship found in vitro between the level of substrate protein and the
effect of 1lipid on NH3 concentration is similar to that reported by
Chalmers (1960) and Jayasinghe (1961) who found that when nitrogen levels

in the feed were 3% of the dry matter, the addition of lipid resulted in
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‘a depression in the concentration of NH3 in the rumen whereas at nitrogen
levels of 4.5%, the added lipid resulted in an increased concentration

of NH3. Despite the agreement between our in vitro experiments and the
in vivo work of others, the present in vivo experiments with ryegrass hay
containing 1.2% N (with and without lipid), (experiment v, Part 2) did not
show any consistent differences in the concentrations of NHj3 .

That the utilization of soluble plant constituents is little affected
by lipid is confirmed by the in vitro experiments with plant juice extracts
in which only slight differences in the concentration of volatile fatty
acids and in the volume of fermentation gases were observed in the presence
and absence of lipid. On the other hand, the present in vitro and in vivo
investigations with ryegrass fibre and cotton thread respectively, showed
that 1lipid (16.7 g./1l. in vitro and 10.9 g./l. in vivo) depressed
digestion of fibrous carbohydrates. In vitro this effect was accompanied
by a decrease in the level of acetic acid which is normally the predominant
acid formed by the fermentation in the rumen of feeds high in cellulose
(Balch, 1960). From this and earlier work it appears that reductions in
the digestion of cellulose by rumen micro-organisms can be brought about
by lipid under a variety of dietary conditions. Increased formation of
propionate in the presence of lipid also appears to be related to the
digestion of the fibrous rather than the soluble constituents of pasture

species.
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Summary

In the anaerobic incubation of strained rumen liquors at 39°, lipids
increased the formation of ammonia from ryegrass Jjuice high in
protein - N, but had the opposite effect when the Jjuice extract was

replaced by ryegrass fibre low in protein - N.
Lipid decreased the digestion of fibrous ryegrass constituents.

Increased formation of propionic acid also occurred in the presence
of 1lipid. Formation of acetic acid was reduced by lipid when rye-

grass fibre was fermented.

The high rates of fermentation of the constituents of ryegrass Jjuice
were not affected by lipid and were accompanied by rapid hydrogenation

of the constituent unsaturated fatty acids of the lipid itself,

The material presented in this section has been published in the

Journal of the Science of Food and Agriculture, 1964, 15, 890,



Part 5. EFFECT OF ADDED CARBOHYDRATE

ON_METABOLIC ACITIVITY in vivo

AND in vitro
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Because the type and relative amounts of dietary protein and
carbohydrate regulate the ammonia concentration and presumably the
extent of microbial synthesis in the rumen (lewis & McDonald, 1958), the
high concentrations of ammonia frequently found in the rumen of animals
grazing on pasture has led to speculation on the efficiency of utilization
of nitrogenous constituents of pasture species (Barnett & Reid, 1961).

The concentrations of sugars in grasses and clovers are influenced by
factors such as stage of growth and climate (Mackenzie & Wylam, 1957;
Bailey, 1958; Hirst, Mackenzie & Wylam, 1959) and accompanying fluctuations
in the levels of protein and other nitrogenous constituents result in
considerable variation in the soluble carbohydrate/protein ratio through-
out a growing season, with low values in early spring and in late autumn
when growth is rapid (Johns, 1955).

The significance of the wvariation in the protein level during a
growing season is difficult to ascertain in a seasonal study because of
the introduction of uncontrollable factors. Furthermore, the influence of
the physical and chemical properties of a protein on its rate of utilization
makes supplementation of pasture protein with protein from another source
an unreliable guide to the effects of variations in the level of protein
in pasture on rumen digestion. Faired feeding experiments in which the
protein intake was varied by growing fresh fodder with different nitrogen
levels, provided a method for simulating natural variations in pasture
protein and examining the effects of carbohydrate supplementation. Starch
was infused into the rumen to examine carbohydrate supplementation because
it had been found to increase the rate of disappearance of ammonia in the
rumen of cows on hay and concentrate diets and to improve the conversion

of urea to protein (Belasco, 1956).
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The role of soluble sugars in the conversion of ryegrass protein to
bacterial protein was followed in vitro. Ryegrass extract served as an

appropriate protein substrate.
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Materials and Methods

Treatment of Animals for in vivo Experiments

lactating twin Jersey cows (pair a A) with rumen fistulas, which
were being stall-fed twice daily (930 a.m. and 4330 p.m.) on freshly-cut

white clover (Trifolium repens)- perennial ryegrass (lLolium perenne)

pasture were used to investigate the influence of readily fermentable
carbohydrate on the utilization of dietary protein as measured by ammonia
levels in the rumen. One-half of the available pasture had previously
been top-dressed with ammonium sulphate at the rate of 224 kg./hectare.
After a preliminary period of 9 days, during which Cow a was fed top-
dressed pasture and cow A normal pasture, 500 g, of commercial cornflour
(wheat starch) was infused, as a 50:50 aqueous suspension, into the
rumens of both animals during the morning (9:30 - 11:30 a.m.) and after-
noon (4:30 - 6:30 p.m.) feeding periods for two consecutive days (experi-
ment i), Rumen samples were collected immediately before the morning
feeding period and at regular intervals after both feeding periods on the
day before the infusion of starch and on the two days of infusion.

After the second day of infusion, cow a was fed normal pasture and
cow A fed top-dressed pasture for a period of 14 days. Both animals then
received 900 g. starch twice daily for two consecutive days (experiment

ii), with infusion and sampling times as described above,

Treatment of Animals for the in vitro Measurement of Fermentation Rates

A non-lactating Jersey cow with a rumen fistula, which was being

stall-fed on freshly-cut red clover (Trifolium pratense L.) and fasted
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overnight before sampling, provided the source of rumen liquor. The
collection of rumen fluids, preparation of ryegrass Jjuice extract, and
the measurement of fermentation rates at 39° were as described previously

(Part 4).

Incubation of Rumen Liquor with Carbohydrates

In the first series of experiments, the eight bottles of one pint
capacity used as experimental vessels were arranged as follows: two
blanks containing rumen liquor (100 ml.) and water (20 ml.); two or
three controls containing rumen liquor (100 ml.,) perennial ryegrass juice
(10 ml.) and water (10 ml.); three or four bottles containing rumen
liquor (100 ml.), perennial ryegrass juice (10 ml.) and carbohydrate
solution (10 ml.) which contained either 0.l or 0.2 g. of carbohydrate.
In order to determine gas formation, one of the blanks was acidified at
zero time and the remaining bottles after incubation for 3 hr.

In the second series of experiments, four bottles were used as
controls (rumen liquor, 100 ml.; ryegrass Jjuice, 10 ml.; water, 10 ml.)
and three with 10 ml, water replaced by 10 ml. of a 10% solution of sugar.
As the supply of « -D-galacturonic acid was limited, 10 ml. of a 5%
solution were used. One of the controls was acidified at zero time and
one control and one containing sugar after incubation for 0.5, 1.5 and
3 hr.

Ammonia and VFA concentrations were measured after acidification in

all experiments.

Analytical Methods

Moisture: 100 g. freshly-cut herbage was chopped into 1-2" lengths
and dried in a forced-draught oven on aluminium trays at 100° for 16 hr,

Crude protein: Crude protein was determined as described previously

(Part 2).
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Non-protein nitrogen: 5 g. of dried herbage were boiled with 250

ml. 80% ethanol for 3 min. and filtered. The filtrate was evaporated to
dryness on a water-bath and re-dissolved in 10 ml. of water (Bathurst &
Allison, 1949), Total nitrogen was determined on a 5 ml. aliquot by the
Kjeldahl method (A.0.A.C., 1960).

Ammonia and total VFA in the rumen liquors and total nitrogen and
soluble sugars in the grass Jjuice extracts were determined as described
previously (Parts 1 and 3).

Separation and identification of soluble sugars in grass juice

extract: An aliquot (approximately 100 ml.,) of the grass juice extract
was centrifuged at 40,000 g. for 30 min. to remove suspended particulate
material (Bailey, 1958). Soluble sugars in the supernatant were then
separated by chromatography on either Whatman No. 1 or No. 3 MM paper.
The most useful eluting solvent for the separation of glucose, galactose,
mannose, arabinose, ribose and fructose was ethyl acetate - acetic acid -
water (3:1 :3, by vol.). p-Anisidine hydrochloride was used as the spray
reagent for pentoses and hexoses (Hough, Jones & Wadman, 1950) and urea
phosphate for ketoses (Wise, Dimler, Davis & Rist, 1955).

Quantitative estimation of sugars: The concentrations of the various

sugars in the ryegrass Jjuice extract were estimated after purification by
chromatography (Pridham, 1956) on Whatman No. 3 MM paper. A volume of
0,003 - 0,015 ml. of supernatant prepared from ryegrass juice was applied
to the paper 8s spots by an 'Agla'! micrometer syringe, and the papers

(46 in. x 18 in.) eluted for 32 - 70 hr. with ethyl acetate - acetic

acid - water (3:1:3, by vol.). The papers were dried and, except for
fructose determinations, dipped in aniline hydrogen phosphate (Railey,

pers. comm.) and heated at 105° for 10 min., 50-100/ng. of the sugars
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being estimated were used as standards throughout the procedure. Elution
and the determination of the sugars was by the method described by
Richards (1963).

For the determination of fructose, an additional marker strip con-
taining the standard was chromatographed. This strip was cut off, sprayed
with urea phosphate solution and heated. The areas on the main chromatogram
corresponding to the position of fructose on the marker strip were cut
out and eluted in 6 ml. of water. Fructose was estimated in 2 ml. of the
eluted soluticn by the method of Pell (1955), and total soluble sugar

by the method of Bath (1958).
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Results

A. In vivo Experiments
e

Nitrogen levels in the Feed and the Level of Intake

Total nitrogen in pasture top-dressed with ammonium sulphate at
the rate of 224 kg./hectare ranged from 3.18 to 3.72% of the dry matter
and was 7.4 to 14.8% higher than the levels in untreated pasture obtained
on corresponding days (Table 29). Ievels of non-protein N (NPN) were
also higher in top-dressed pasture, and consequently the relative propor-
tions of the NPN and the protein components in the two pastures were similar,
With the availability of pastures of different nitrogen levels, the
two cows in paired feeding experiments were maintained on appreciably
different nitrogen intakes except on the day before the first infusion of
starch (experiment ii) when cow a, feeding on pasture of lower nitrogen

content, had an unusually high intake (Table 29),

Ammonia Concentrations in the Rumen and the Effect of Addition of Starch

Changes in the ammonia concentration in the rumen followed much the
same pattern throughout the six days of the experiment, with peak concen-
trations occurring 2-4# hr. after the commencement of each feeding period
(Fig. 10). Concentrations of NH3 were appreciably higher in the rumen
when the cows were fed pasture with the higher nitrogen content., Without
starch, the average ammonia concentration 6 hr, after the start of feeding
on high N-pasture was more than twice that for normal pasture (15.8 mg./
100 ml. rumen liquor compared with 6.9 mg./100 ml,).

The addition of 500 g. of starch twice daily had a variable effect
on NHj levels, On the second day of addition, together with a diet of

high-N pasture, the recorded maxima and minima were similar to those



fable 29, Nitrogen intake of twin cows fed on pasture containing different levels of nitrogenous constituents

Pasture top-dressed with 224 kg. (NHY4),SOy/hectare

Pasture without (NHy)>SOL

N content N content
of pasture of pasture
(% of D.M.) Total N intake (g.) (% of D.M.) Total N intake (g.)
Date Animal Total-N NPN Morning Afternoon Total Animal Total-N NPN Morning Afternoon Total
Experiment (1)

31.10.62 Cow a 3.56 0.76 157 149 306 Cow A 3.28 0.71 121 131 252
1.11.62% non 3.41 0.7l 159 167 326 o 3.16 0,69 131 136 267
2.11,62% "o 3.72 0.8l 172 169 341 L 3.16 0.72 108 137 2u5

Experiment (ii

15.11.62 Cow A 3.18 0474 140 157 297 Cow a 2496 0,64 161 161 322

16.11.62** L 325 0.79 164 180 344 o 2,83 0,70 130 143 273

17.11.62%* wow 3.33 0475 148 132 280 non 2.94 0.66 137 129 266

* = 500 g. of an aqueous suspension of starch infused into rumens of both animals during morning and afternoon
feeding periods.

** = 900 g. of an aqueous suspension of starch infused into rumens of both animals during morning and afternoon
feeding periods.

- ATT =



Fig. 10, Variations in rumen ammonia concentrations in twin cows fed
on freshly-cut mixed pasture with and without the addition
of starch.
(a) Experiment (i)
—— , cow a - fed top-dressed pasture.
- = , cow A - fed untreated pasture.
O » 31/10/62 - no starch.
O . 1/11/62 - 500 g. starch added to rumen during each feeding period.
A 2/11/62 - m moowomwm " "
(b) Experiment (ii)
e , cow 8 - fed untreated pasture.
- = , cow A - fed top-dressed pasture.
, 14/11/62 - no starch.
a 15/11/62 - 900 g. starch added to rumen during each feeding period.

A 16/11/62 - n " n n n n n n _ n
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for untreated pasture without starch. However, on the first day, when
approximately 30 g. of additional N were present in the high-N pasture
ingested at each feeding period, this level of supplementation was in-
sufficient to bring about a lowering of NH3 concentrations. Increasing
the dose to 900 g. starch twice daily brought about appreciable and
consistent reductions in ammonia levels; in general, concentrations in
the rumen of cows feeding on high-N pasture were of the same order as
those fed normal pasture without starch. The very low minima recorded

6 hr. after feeding ( <35 mg./lOO ml. on several occasions) was a further

feature when starch was added.

VFA Concentrations in the Rumen

The concentrations of VFA generally rose steadily throughout the
day, reaching maximum levels after the afternoon feeding period (Fig. 11).
Values ranged from minima of 50-94 m-mole/l. to maxima of 124-162 m-mole/l.
and, in general, the cow with the higher intake had slightly higher VFA
levels, There was no apparent effect of either the nitrogen level in the

feed or of added starch.

B In vitro Experiments

Soluble Sugars and Crude Protein in Ryegrass Juice Extract

Seven sugars were identified in the grass Jjuice extract used as a
substrate in the in vitro incubations (Table 30).

The concentrations (mg./ml.) of six sugars found in the grass juice
extract as measured by quantitative paper chromatography were: galactose,
1.38; glucose, 4.00; mannose, l.55; fructose, 7.88; arabinose, 0.85;
ribose, 0.29. Galacturonic acid was also identified. The total concen-

tration of the individual sugars determined by this method (15.95 mg./ml.



Fig. 11. Variations in rumen volatile fatty acid concentrations in
twin cows fed on freshly-cut mixed pasture with and without
the addition of starch.
(a) Experiment (i)
—— , COw a, fed top-dressed pasture.
- - , cow A, fed untreated pasture.
O , 31/10/62 - no starch.
m 1/11/62 - 500 g. starch added to rumen during each feeding period.
A . 2/11/62 - n " n n n " n n
(b) Experiment (ii)
—~— , cow a, fed untreated pasture.
- = , cow A, fed top-dressed pasture.

» 14/11/62 - no starch.

, 15/11/62 - 900 g. starch added to rumen during each feeding period.

> 0O O

. 16/11/62 - n ] ] ] ] " n " ]
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Table 30, Identification of sugars in ryegrass juice extract by paper chromatography

Solvents
1* 2%k Fkk
Standard Extract Standard Extract Standard Extract
Sugar Spray Reagent Colour Rglucose Rglucose Rglucose Rglucose Rglucose Rglucose
Galacturonic
acid p-anisidine HCL red 0.68 0.68
Galactose " " yellow-brown 0.88 0.86 0.92 0.89 0.88
Glucose " " n L 1.00 1.00 1.00 0,97 1.00 0.98
Mannose n n n n 1.30 1.29 1.19 1.18
Fructose urea phosphate blue 1.39 1.38 1.21 1.23 1.18 .7
Arabinose p-anisidine HCL pink 1.52 1,51 1.31 1.32 1.19 1.18
Ribose n n " 2,58 2.58 1.63 1.66 1.58 1.59

*
]

ethyl acetate:acetic acid:water (3:1:3, by vol.).

% %k

ethyl acetate:acetic acid:formic acid:water (18:3:1;4, by vol.)

*%% = n_butanol:ethanol:water:ammonia (40:10:49:1, by vol.)




= 1 o

extract) was 0.7 mg./ml. higher than the value obtained for total
soluble sugars by the method of Bath (1958). The ryegrass extract

contained 4.4 mg. crude protein/ml.

Effect of Addition of 0.1 and 0.2 g. of Soluble Carbohydrates on Metabolic

Activity in vitro

In the absence of added substrate, small changes occurred in gas
production, NH3 and VFA concentration after incubation of rumen liquors,
obtained from a cow fasted o#ernight, for 3 hr. (Table 31). The con-
siderable variations (55 - 155 ml.) in the gas released on acidification
of collected rumen liquor was related to the initial level of VFA, and
therefore to the pH-high VFA concentrations giving low pH values and hence
low bicarbonate concentrations in rumen liquor. Compared with values for
the incubation of rumen liquor alone, the increases brought about by the
addition of 10 ml, of ryegrass Jjuice extract to 100 ml. of rumen liquor
were as follows: gas formation, 33-76 ml.; ammonia concentration, 12.1 -

15.7 mg./100 ml,; VFA concentration, 18.1 - 32,9 m-mole/1,

Comparison of Rates of Fermentation of Soluble Carbohydrates

Preliminary experiments showed that the effects of glucose on gas
production, ammonia and VFA concentrations increased as the levels of
glucose were raised from 0.l g. to 1.0 g. (Table 32). With the exception
of NH3, these changes were approximately proportional to the increases in
the amount of glucose added. Consequently, it was decided to test a
series of carbohydrates at the 1.0 g level since differences could then
be expected to be more apparent than at the lower levels used above,
Practical difficulties permitted rate measurements to be made using only

one carbohydrate at a time: therefore direct comparisons of gas formation



ble 31, Gas, ammonia and total volatile fatty acid formation in rumen liquor (100 ml.) incubated with ryegrass

Juice alone (10 ml.) or with ryegrass juice (10 ml.) and soluble carbohydrates for 3 hr. at 399,

Ryegrass Julce and

Exp Blank R{;ﬁi;:s Glucose Sucrose L~arabinose Fructose Galactose Xylose
No,. OIhr. 3 hr. alone 0.lg. O.Zg. Oolgc 002g0 Onlg. O.Zg. 0.2g. O.Zg. O.Zg.
jas 1 155 176 209 222 - 220 - - = = - -
roduction 2 122 138 180 192 - 193 - 188 - - - -
(ml.) 3 67 82 151 - 170 - 170 - 158 - o -
L 126 142 205 - 226 e 225 - - 225
5 55 77 153 - 175 - 168 - - - 173 167
\1}13 1 15.2 22-8 3"*09 33 07 - 3“00 = - - - - -
soncentration 2 21.0 27.5 Lo,1 38.0 - 384 - L4043 - - - -
(Mo/loo mlo) 3 18.6 22.5 38.2 S 3“.6 - 3“06 = 3708 - = o=
u 16.3 21.7 36.“ - 31.7 . 32.9 - - 32.2 - s
5 1807 26.2 ’-&l.‘# - 3707 o 37-3 L - - 36.1 3508
Total 1 - - - - - - - - - - - -
JFa , 2 56.5 '53.5 764 85.6 - 84,3 - 84 - - - -
(m-mole/1.) 3 76.1 7640 94,1 - 110,2 - 110,7 - 1095 = » .
u 5207 53 ou' 7905 Lo 85.8 - 8507 - - 85.6 - -
5 8l.1 79.2 112.1 - 117.5 o 117.8 - - - 118.5 117.8




Table 32, (as, ammonia and total volatile fatty acid formation in rumen liguor (100 ml.)
incubated with ryegrass juice alone (10 ml.,) or with ryegrass juice

(10 ml,) and glucoge (0.1 - 1.0 g.) for 3 hr. at 390

Ryegrass Jjuice

Blank Ryegrass Jjuice and glucosge
0O hr 3 hr. alone Oelge 0.28¢ 0e52e 1,0g.
[
Gas production (ml.) 91 124 196 208 211 237 278 E;
¥
Armonia (mg./100 ml.) 28.1 33.9 506 48,6 U6 49 Ul o7 43,6

Total volatile fatty acid (m-mole/l.) 66,0 73.8 85.0 875 92.7 103.6 111.5
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and VFA and NH3 concentrations are not valid because of the variations
in the initial values for the different samples of rumen liquor.

A consistent feature of the incubation experiments was the high rate
of gas, ammonia and VFA formation in the first half-hour of incubation
(Table 33). The increase in ammonia levels in the controls during this
period was usually between one-half and three-fourths of the total increase
over the 3 hr. period, whereas increases in gas and VFA formation repres-
ented between one-third and one-half and between one-quarter and one-half
of the 3 hr. increases respectively. Although gas and VFA formation in
the controls increased at a slower rate between 30 min. and 3 hr,, the
presence of certain sugars had the effect of sustaining the initial high
rates, These same sugars had an even more marked effect on the levels of
ammonia during the later stages of fermentation as shown by the subsequent
decrease in ammonia concentration, whereas the levels continued to increase
in the controls.

Comparison of the effect of sugars on gas production and ammonia
formation shows that there is a close relationship between the fermentation
of readily available substrate and the utilization of nitrogen for protein
synthesis (Fig. 12). Galactose, glucose, sucrose and lactose, which were
fermented rapidly, brought about the greatest reduction in ammonia concen-
tration. Galacturonic acid appears to behave in a similar way allowing
for the lower concentration used. On the other had, when D-arabinose was
present, a negligible effect on fermentation rate was accompanied by
almost no change in ammonia concentration,

Similarly, galactose, sucrose, lactose, glucose and galacturonic acid
caused the greatest increases in VFA formation (16.8 - 30,7 m-mole/l.)

above the controls after incubation for 3 hr. Xylose was less effective

(11.6 m-mole/1.) and D-arabinose had a very small effect (4.4 m-mole/1),



Table 33.

Gas, ammonia and total volatile fatty acid formation

in vitro with and without 1 g. of additional carbohydrate

==

-

Gas Ammonia Total volatile fatty
production (ml.) (mg. /100 ml,) acid (m-mole/1,)

Incubation time (hro): 0 0-5 1.5 3.0 0 0.5 105 3-0 0 0.5 1‘5 3.0
Carbohydrate.

B 150 200 249 296 23.8 32,1 31.6 26.9 54,2 75,0 92,5 103.0

Galactose C 127 168 186 199 27.3 38.5 38.8 42,2 59.9 66,1 78,0 83.1

E 127 174 238 285 27.3 37.1 32,4 26.1 59.9 73.4 96.6 113.8

lactose © 107 132 152 164 22.5 29.8 32,9 33.2 71,8 80.4 86,1 91.6

E 107 144 179 239 22,5 30.5 26,1 24,2 71.8 87.0 96.9 113.8

Sucrose o] 129 164 185 195 21,0 30,0 32,4 33,2 62.0 72,4 80,3 85,7

E 129 174 240 270 21,0 27.9 24,4 24,5 62,0 82,4 98,4 109.0

Xylose c 175 200 218 233 17.9 24.6 28.8 30.9 4s,3 52,9 61,9 63.8

E 175 202 224 256 17.9 25.4 27.1 24.9 L5,3 53,8 63.5 75.4

D-acrabinose c 137 173 136 215 2642 35.6 37.3 39,7 69.0 79,0 85,4 94,8

4=D-galacturonic C 170 194 219 240 18.6 2843 3149 33.7 L9,7 56,4 67.7 69.9

acid (0.5 g.) E 170 195 226 270 18,6 27.1 28,9 27.5 49,7 62,1 73.4 86,7

%

sk %k

control, rumen liquor (100 ml.)

experimental, rumen liquor (100

solution (10 ml,)

and ryegrass Jjuice extract (10 ml.).

ml,), ryegrass juice extract (10 ml.) and carbohydrate




Fig, 12.

Differences in gas production and ammonia and volatile fatty
acid concentrations brought about by the incubation of one of a
series of soluble carbohydrates with rumen liquor (100 ml.) and
ryegrass juice extract (10 ml.). @ , galactose; W, galacturonic
acid; A , D-arabinose; (@, xylose; 0O, lactose; A , sucrose;

X » glucose.
1l g. of each carbohydrate added except for galacturonic acid of

which 0.5 g, added.
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Discussion

The higher ammonia levels preseht in rumen samples from animals fed
top-dressed pasture illustrate a relationship between the nitrogen content
of the pasture, nitrogen intake, and the concentration of ammonia in the
rumen. Other workers (McDonald, 1952; Annison et al, 1954; Annison, 1956)
have shown that the time required for ammonia levels to reach a maximuam
after feeding, and the magnitude of the increases, depend largely on the
solubility of the dietary protein. For example, a dose of 100 g. of
casein gave a maximum ammonia concentration of 63.5 m-mole/1l. 3 hr.
after administration, whereas zein, which is much less soluble, gave a
peak of 11,0 m-mole/l. 10 hr. after administration. In the present work,
maximum concentrations occurred 2 - 4 hr, after feeding, which indicates
that the plant protein was readily metabolised.

Levels of ammonia were frequently lower 6 hr. after the morning
feeding than before feeding. McDonald (1952) reported a similar observation
and suggested that, as a result of large amounts of energy becoming
available for protein synthesis a few hours after feeding, ammonia
utilization would exceed formation. ILater, when the rate of bacterial
growth dropped, production could again exceed utilization.

Increases in the level of nitrogen in the pasture as a result of top-
dressing were similar to those found in hay which had received the same
rate of application 2 weeks before cutting (Ferguson, 1948)., It was also
noted that top-dressing had no effect on the protein-N/NPN ratio.

In spite of a lower intake of nitrogen on the first day of experiment
(ii), cow A, fed on high-N pasture, had higher concentrations of NH3 in
the rumen, This suggests that, either the protein in the top-dressed

pasture was more readily hydrolysed, or the higher level of soluble
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carbohydrate in the untreated pasture (approximately 2.2% of dry matter)
increased protein synthesis sufficiently to utilize the additional
nitrogen ingested,

The effect of starch in lowering awmonia concentrations in the rumen
of pasture-fed animals is in agreement with observations of Annison (1956)
and of lewis and McDonald (1958) after the dosage of animals on hay and
concentrate diets with starch. In so far as ammonia levels in the portal
blood are related to ammonia levels in the rumen, (Ilewis, Hill & Annison,
1957), starch supplementation would seem to improve the utilization of
dietary nitrogen in ruminants grazing on pasture high in protein,

The lack of any consistent difference in the levels of total VFA
as a result of either the difference in the level of nitrogen in the feed
or the addition of starch was unexpected in view of the findings of Lewis
and McDonald that casein added to the rumen of sheep at the same time as
starch resulted in higher concentrations of total VFA. In addition, the
present in vitro experiments show that there is a direct relationship
between the effect of added sugar on ammonia utilization and the formation
of VFA. Reduction in ammonia concentration, without an accompanying
increase in VFA concentration when starch was added, may well indicate
that starch was being utilized as an energy source for protein synthesis
by rumen bacteria. An increase in the protein level of rumen contents
after the addition of starch has been observed in vitro by Phillipson,
Dobson & Blackburn (1959).,

The variation in the effect of supplementary carbohydrate on VFA
production in vivo and in vitro could also have been due to differences
between the proportions of the various carbohydrate fractions available

for fermentation. Cellulose would have been a major constituent of the
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mixed pasture fed during the in vivo experiment but would not have
constituted a significant proportion of the carbohydrate fraction in the
plant juice extract. Burroughs, Gerlaugh, Edgington & Bethke (1949),
Bonsembiante (1958) and Shazly, Dehority & Johnson (1961) found that the
digestibility of cellulose decreased in the presence of supplementary
soluble sugars and/or starch. Therefore, in the present in vivo
experiments, the production of VFA from supplementary starch may bave been
offset by a reduced production from cellulose with the result that no net
change in total concentration occurred. In vitro, fermentation of the
added sugars and the absence of cellulose in the extract probably
accounted for the observed increase in concentrations of total VFA.

With the exception of ribose, the sugars present in ryegrass Juice
extract are among those commonly found in grasses (Mackenzie & Wylam,
1957). The absence of sucrose in the extract was likely due to enzymic
hydrolysis during extraction and subsequent storage. Similarly, arabinose
and galactose are usually present in polymeric form in the hemicellulose
and pectic fractions respectively (Bailey, 1962) and their occurrence as
free sugars was probably due to enzymic degradation (Wylam, 1953).

The reduction in ammonia concentration in rumen liquor when soluble
sugars were added to the incubation mixture agrees with observations made
previously by Pearson and Smith (1943) and McNaught (1951) when studying
the in vitro conversion of NPN to protein-N. The rapid fermentation of
galacturonic acid, in the present work, indicates that the presence of a
primary alcohol group is not essential to the utilization of a carbohydrate
as was suggested by McNaught. Iewis and McDonald (1958) found that the
greatest increases in protein utilization occurred when the food material

acting as an energy source was attacked at a rate comparable to the rate



- 130 -

at which non-protein nitrogen becomes available in the rumen. 1In the
present work, the very high rate of ammonia formation during the first
half-hour of incubation indicated that the nitrogen in the grass juice
extract was readily metabolized and in these circumstances readily
metabolized sugars should be effective in facilitating the incorporation
of ammonia into bacterial protein.

The considerable reduction in ammonia formation brought about by
supplementation of soluble sugars in ryegrass extract with galactose,
glucose, sucrose and lactose, stresses the importance of the concentrations
of readily fermented carbohydrate in pasture grasses and clovers. This
will apply to sucrose and mannose in particular and to a lesser extent
ribose. Hemicelluloses and pectic substances probably would also be
broken down sufficiently quickly to enhance ammonia utilization. Tius,
provided the amount of protein being ingested by an animal is not in
excess of the protein requirements of that animal, the availability of
soluble sugars and other readily hydrolysed carbohydrates is likely to be
the main factor limiting the utilization of pasture protein when carbohy-
drate/protein ratios are low, as occurs in grass and clover pastures in
early spring and late autumn. The chemical composition of pasture as
affected by season requires further investigation before the most efficient

utilization of grassland by ruminants is likely to be achieved.
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Sumuary

Paired feeding of rumen-fistulated cows showed that 7.4 - 14,8%
increases in nitrogenous constituents in pasture led to higher
concentrations of ammonia in the rumen after feeding. Infusion of
500 ge of starch into the rumen was not always effective in lowering
ammonia content to the control levels when additional nitrogen (28 -
64 g. at each feeding) was ingested as a pasture constituent. In
general, 900 g. starch in similar conditions led to ammonia levels
of the same order as recorded in the controls. Infusion of starch

did not increase VFA concentrations.

Incubation of rumen liquor with ryegrass extract gave rapid production
of ammonia. This could be largely prevented by the addition of
galactose, sucrose, lactose and glucose. The results suggest that
one of the factors that can limit the utilization of pasture protein
is likely to be the amount of soluble sugars and other readily

hydrolysed carbohydrate available in the pasture.

The material presented in this section has been published in the

Journal of the Science of Food and Agriculture, 1965, 16, 268.
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GENERAL DISCUSSION

The results of the present work indicated that addition of 1lipid
under both in vivo and in vitro conditions affected the metabolism of
protein and carbohydrates by rumen micro-organisms.

An increase in the level of N33 in rumen liquor was the major change
noted in protein metabolism. The increase did not occur in all experi-
ments and its occurrence may have been related to the nitrogen content
of the ration.

The main effect on carbohydrate metabolism was a reduction in
cellulose digestion. In the initial experiments, it was found that the
addition of lipid to the diet of cows fed freshly-cut pasture reduced the
concentration of acetic acid in the rumen. This observation suggested
that the digestibility of the carbohydrate fraction was being affected.
Further experiments indicated that 1lipid had no apparent effect on the
rate of digestion of soluble carbohydrate in vitro but did reduce the
digestion of cotton thread and grass fibre under in vivo and in vitro
conditions, respectively.

These findings are in agreement with results from other laboratories
which indicated that the effect of 1lipid on carbohydrate metabolism, under
conditions of hay and concentrate feeding, depended on the nature of the
diet., Little effect was found when high energy fattening rations were
fed (Jordan et al, 1958) but marked reductions in cellulose digestion
occurred when high fibre rations were fed (Buysse, 1962). However, the
reason for this effect on cellulose digestion is not clear. Brooks et al,
(1954) suggested that bacterial action on cellnlose could be retarded as

a result of the coating of fibrous material with lipid. The present
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finding, that a large percentage of added lipid became occluded to the
particulate material in the rumen, strengthens this possibility. white
et al,(1958) noted that cellulose digestion did not return to normal
until 17 days after the removal of oil from the ration implying that
bacterial activity must be affected. Although no reduction in the
metabolic activity of the micro-organisms digesting the soluble
carbohydrate consitituents was found in the present short-term incubation
experiments, reductions did occur when grass fibre was incubated for 48
hr. in the presence of lipid. A third possible reason for the reduction
in cellulose digestion, which was not investigated in the present work,
was also suggested by White et al,(1958). These workers found that the
addition of calcium restored cellulose digestion and proposed that a
calcium-lipid complex was formed, as had previously been shown to occur
in rats fed corn oil or olive oil (Swell et al., 1956), with the result
that the calcium requirement in the rumen was increased. However,
Davison and Woods (1963) found no improvement in the performance of lambs
receiving supplementary fat when calcium was added to the ration. Phillips
& Roberts (1966) reported that the digestibility of crude fibre was reduced
significantly following oral administration of sunflower seed oil, even
though the dietary calcium level of 1% was somewhat greater than has been
reported to alleviate this effect of oil.

Increases in the concentration of propionic acid following addition
of lipid were another consistent feature of both in vivo and in vitro
experiments. Shaw and Ensor (1959) noted that the inclusion of 300 ml./day
of cod-liver oil, oleic acid or linoleic acid in a dairy cattle ration
decreased the molar proportion of acetic acid and increased the molar

proportion of propionic acid. ILinoleic acid had the greatest effect,
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decreasing acetic acid proportions from 78,9 to 52.2% and increasing
propionic acid proportions from 9.9 to 29.9%. These changes in rumen VFA
proportions were accompanied by a depression in the percentage of milk
fat, Hilditch (1956) noted this effect of cod-liver oil on milk fat and
proposed that the unsaturated Cyq and Cz2 fatty acids were responsible
since hydrogenation was known to eliminate the effect. He suggested that
these acids blocked the synthesis of several of the short-chain fatty
acids characteristic of butterfat. It would appear however, in view of
the findings of Shaw and Ensor (loc. cit.), that the effect is related
more to the degree of unsaturation than to the length of the carbon
chain. Furthermore, the high correlation between the molar percent of
ruminal acetic acid and the fat content of milk and an equally high negative
correlation between the molar percent of ruminal propionic acid and the
fat content of milk (Shaw, Robinson, Senger, lakshamanan & Lewis, 1960)
indicate that the effect was probably due to altered acid proportions in
the rumen,

The explanation for the increase in the concentration of propionic
acid remains largely speculative. As has been pointed out pre&iously,
part of this increase was undoubtedly due to fermentation of the glycerol
released on hydrolysis of the added oil (Garton et al, 1961). However,
in the present in vitro experiments in particular, the observed increases
in propionic acid exceeded the theoretical values and it appears probable
that the increases were due to alterations in the metabolism of the dietary
carbohydrate. In an interesting review paper, Van Soest (1963) noted that
the effect of unsaturated oils on rumen propionate concentrations was
similar to that produced by a variety of other compounds all of which are

known to affect oxidation-reduction processes. For exampls, Jamieson (1959)
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found that nitrate administered directly into the rumen of sheep resulted
in an increase in the proportion and, in most cases, in the concentration
of propionic acid. An increase in the oxidation-reduction potential was
also reported. Potassium chlorate has also been shown to increase the
proportion of propionate and has been used successfully for the treatment
of ketosis (Blackburn, Castle & Drysdale, 1959). The only apparent
characteristic common to the metabolism of these compounds in the rumen is
a requirement for hydrogen. In the present experiments, the proportion of
linolenic acid in the rumen had returned to about the pre-feeding level
within 6,5 hr, after the infusion of 500 g. of linseed oil indicating that
hydrogenation was occurring rapidly in vivo. It can be calculated that
complete hydrogenation of 500 g. of linseed oil would utilize approximately
7 g. of hydrogen. These observations suggest that hydrogenation may be
the key to an understanding of the differential effect of wvarious lipids
on the proportions and concentrations of volatile fatty acids in the rumen.
Shaw and Ensor (1959), after a study of the effect of feeding cod-liver
oil and unsaturated fatty acids on rumen VFA and milk fat, concluded that:

"0ils containing long-chain, highly unsaturated

acids, unsaturated fatty acids per se and

possibly certain unsaturated hydrocarbons when

added to rations for ruminants would be

expected to produce the above noted results

(altered VFA proportions and depressed milk fat)

in greater or lesser degree, depending on the

amount and degree of unsaturation of the additive."

Degree of unsaturation may also explain the difference between the

effects of linseed and whale oil (750 g.) on feed intake, and on the total
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and individual concentrations of VFA in rumen liquor which were observed

in the present in vivo experiments. Approximately 91% of the linseed oil
infused consisted of unsaturated fatty acids, principally linolenic.

Only 60% of the fatty acids of whale oil were unsaturated of which about

96% consisted of monounsaturated Cjh. Cy¢ and C3g acids.

Any substantial demand for hydrogen would be expected to alter the
redax potential of rumen contents. As yet, little information is available
concerning the effects of variations in potential on the metabolism of
different nutrients. Marston (1948) and Hungate (1960) obtained values of
approximately-380 mv. at pH 7.0. Broberg (1957) noted that wide variations
in redox potential occurred in several cases of bloat and suggested that
enzymatic processes other than normal govern the course of events in some
cases of bloat, The activity of certain of the rumen protozoa and bacteria
is known to be affected by changes in redox potential (Smith & Hungate,
1958; Quinn et al., 1962). Therefore, the effect of linseed oil on the
concentration of propionic acid may have been due to an alteration in
carbohydrate metabolism either directly, as a result of the increased
requirement for hydrogen, or indirectly as a result of alterations in redox
potential and hence, in the relative proportions of microbial species
present in the rumen.

The inappetence observed in the present experiments and in the work
of Titchen et al,, (1966) following the infusion of lipid may have been an
indirect result of a change in the rate of passage of digesta from the
reticulorumen. In the present work, the extensive change in the volume
and consistency of the digesta which normally occurred following feeding
was not observed after the infusion of oil., The difference was most

evident before the morning feeding period. Therefore, although not
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measured, there appears little doubt that rate of passage was decreased
considerably.

Many workers, including Crampton, Donefer & Lloyd (1960), Milford
(1960), Minson, Raymond & Harris (1960), Blaxter (1961) and Blaxter,
Wainman & Wilson (1961), have found that when cattle and sheep are given
either pasture or dried roughages, there wasa close relation between the
amounts they consumedand the rate of passage of a specific food. Rate of
passage has been shown to be directly related to the rate at which food
was fermented and left the rumen (Blaxter, Graham & Wainman, 1956).
Factors such as the specific gravity of digesta particles and the particle
size, which are related to rate of fermentation, have also been found to
alter rate of passage (Campling & Freer, 1962; 0'Dell, King, Cook & Moore,
1963). Blaxter et al,(1956) showed that sheep tended to eat to constant
nfill"* regardless of the ration they were given. These results indicate
that there is a physical limit to the amount of roughage which an animal
can eat and that any factor which results in an increased rate of passage
will allow the animal to increase intake.

In the present experiments, the reduction in the rate of cellulose
digestion would have reduced the rate of passage of digesta from the
rumen, thereby reducing intake at subsequent feedings.

Rate of passage and intake were probably also affected by other factors.

An association between rate of flow through the reticulo-omasal
orifice and motility of the forestomach has been recognized (Stevens,
Sellers & Spurrell, 1960). Although the exact nature of this relationship
is not well understood, the following facts are relevant:

(1) The contents of the ventral sac of the rumen are generally

more liquid than those of the dorsal sac. Most of the material
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entering the omasum probably originates in the ventral sac (Cuth-
bertson, 1959).

(2) The transfer of digesta through the reticulo-cmasal orifice
occurs mainly at the time of the second contraction of the reticulum
during the "A" sequence. At this time, the orifice is open and
pressure is low in the omasum (Balch, Kelly & Heim, 1951).

(3) The final phase of both "A" and "B" sequences, either of
which can precede the reticular contractions of another "A" sequence,
forces the semi-liquid contents into the reticulum (Reid & Cornwall,
1959). They are then in position for transfer to the omasum.

(4) The flow of digesta from the reticulorumen is greatest
during feeding (Balch, 1958).

(5) The frequency of coordinated contractioms is also greatest
during feeding (Reid & Cornwall, 1959). Considerable circumstantial
evidence would therefore indicate that rumen motility is also a

factor governing the rate of passage of digesta to the omasum and, by

implication, is related to intake,

The presence of 1lipid in the duodenum, in addition to reducing
abomasal and forestomach motility, has been shown to delay the emptying
time of the abomasum (Bath & Hill, umpublished, cited by Hill, 1965).
Distension of the abomasum has been found to hazve a 3imilar effect on
movement of digesta through the omasum (Phillipson & Ash, 1965).

Rate of passage can therefore be retarded at any of several points
in the digestive tract with the result that retention time of digesta
anterior to that point will be increased and intake decreased.

Mayer (1955) suggested that a chemostatic mecharism, based on ' arterio-

venous differences in blood glucose levels, was responsible for controlling
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the intake of simple-stomached animals. In ruminants, blood glucose levels
are low and intravenous infusions of glucose have not effected changes in
intake (Dowden & Jacobson, 1960). However, other metabolites may be
involved., For example, there is an appreciable difference in arterio-
venous concentrations of acetic acid after feeding (Reid, 1950). Rook,
Balch & Campling (1960) and Ulyatt (1964) found that the intrarumenal
infusion of acetic acid led to significant reductions in intake. In the
present experiments, reductions in intake generally occurred at the feeding
following the first period of oil infusion. Changes in the relative
concentrations of acetic and propionic acids in rumen liguor also occurred
soon after infusion. As a result, levels of acetic acid in the blood

would have been altered (Annison, Hill & Lewils, 1957) and could have been

a factor controlling intake.

Inappetance and diarrhea also occurred following the intraduodenal
infusion of lipids (Titchen et al, 1966; Philips & Roberts, 1966). This
suggests that factors other than those related to metabolism in the rumen
may also be partly responsible for the low tolerance of ruminants for
fats. Philips (1965) reported that 10% fat in the ration is approximately
the upper limit which can be tolerated by ruminants. Monogastrics, on
the other hand, can readily metabolize much higher levels. For example,
the suckling calf thrives on a milk diet which, on a dry basis, contains
approximately one-third fat. Ievels of up to 30% fat, incorporated into
rations for swine, have increased average daily gain and improved feed
efficiency (Kuryvial, Bowland & Berg, 1962). In addition to those factors
already discussed, it is suggested that the difference between ruminants

and monogastrics, in the degree of hydrolysis before absorption, also acts
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to limit the utilization of lipids by ruminants. In the simple-stomached
animal, hydrolysis occurs mainly in the small intestine by the action of
pancreatic lipase and is less extensive than in the ruminant. Consequently,
in man, lipids are believed to be absorbed mainly as monoglycerides rather
than as free fatty acids (Benson & Rampone, 1966). Monoglycerides, fatty
acids and bile salts combine to produce a stable, lipid emulsion of small
particle size (micelle). If, as Garton (1965) has concluded, the

absorption of lipid from the duodenum of the ruminant follows a pattern
similar to that in other animals, micelle formation and therefore absorption
could be limited by the amount of monoglyceride and/or glycerol available,
The diarrhea which occurred in both the present experiments and following
the intraduodenal infusion of 1lipid (Titchen et al,, 1966; Phillips & Roberts,
1966) could probably then be related to the presence of hypertonic material
in the lower digestive tract. Titchen et al. (1966) have discussed the
possible inhibiting effect on appetite of stimulation of osmoreceptors
located in the duodenum by lipids.

Energy is generally the major factor limiting production by ruminants
fed primarily on roughage. As has been noted previously, the addition of
lipid to rations for simple-stomached animals, in addition to increasing
the energy level of the diet has improved rate of gain and feed efficiency
(Kuryvial et al,,1962; Lewis, 1965). Consequently, the level added to a
gpecific ration has depended on considerations such as the effect of
dietary fat on carcass composition or the price of fat relative to alternate
sources of energy. The present in vitro results suggest that supplementary
lipid would also be a wvaluable source of energy for ruminants. For

example, when ryegrass fibre was incubated with lipid, the decrease in the
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concentration of acetic acid which occurred was accompanied by a similar
increase in the concentration of propionic acid. The total concentration
of VFA was not affected. Since the heat of combustion of propionic acid
is considerably higher than that of acetic acid (367.2 and 209.4kcal./mole,
respectively) more energy would be available for productive purposes
despite the depression in cellulose digestion. The fermentation of rye-
grass juice with either linseed or whale oil produced a similar effect
although the change in the relative concentrations of acetic and propionic
acids was less extensive,

Blaxter (1962) has discussed the relationship between the molar
proportions of VFA in rumen liquor and the efficiency of energy utilization
for synthesis of body fat. In general, afficiency of fat synthesis
increased as the proportion of propionic acid relative to acetic acid
increased. For example, he found that when the total VFA of rumen liquor
contained 68% acetic acid, the absorbed products of digestion were used
with an efficiency of 32%. When only 50% of the VFA in the rumen was
acetic, utilization of the absorbed end-products for fattening was 54%.
Therefore, under the present in vitro conditions, addition of lipid not
only increased the gross energy of the total VFA but improved the
efficiency with which body fat could be synthesized from the mixture.

The infusion of o0il in the present in vivo experiments had a similar
effect on the molar proportions of acetic and propionic acids. Therefore,
provided the total concentration of VFA was not markedly reduced,
lipogenesis should have increased. Indeed, this may have occurred in
experiment i, Part 1, when 500 g. of linseed oil was infused into the
rumen. This level represented approximately 5.5 - 6.0% of the daily weights

of dry matter consumed before the infusions began. However, intake and
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total VFA concentrations were reduced appreciably when 750 g. of either
linseed or whale oil were given to animals fed freshly-cut herbage and
when 500 g. of linseed oil was given to animals fed ryegrass hay. These
doses amounted to 7.5 - 8.0, 13.5 - 16.2 and 7.8 - 11.1% respectively of
the daily weights of dry matter ingested before infusion. The addition of
lipid to rations for ruminants would only be of value, as a source of
supplementary energy, if the combined effects of the lipid on intake,
cellulose digestibility and therefore, on the energy represented by the
total VFA concentration were of less magnitude than the increased energetic
efficiency for lipogenesis represented by the change in the proportional
concentrations of individual acids in the mixture. The results of both the
present experiments and those reported previously by others (loc. cit.)
suggest that this condition would only be met when the added lipid represented
such a small fraction of the dry matter intake that any improvement in
energetic efficiency would be of little practical consequence. Therefore,
supplementary lipid has a very limited potential as a source of additional
energy for ruminants given rations high in roughage.

The present work also provided further evidence of the inter-relation-
ship of carbohydrate and protein. Lewis & McDonald (1958) found that the
greatest increases in protein utilization occurred when the food material
acting as an energy source was attacked at a rate comparable to that at
which non-protein nitrogen became available in the rumen. This is not
surprising when it is considered that:

(1) Dietary protein is degraded by the rumen organisms to non-
protein nitrogen, principally amino acids and ammonia.
(2) There is a close correlation between the solubility of a

protein and its rate of degradation in the rumen.
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(3) Rumen organisms resynthesize non-protein nitrogen to
microbial protein - a process requiring energy.

(4) The efficiency of protein synthesis is largely dependent
on the presence of an adequate supply of readily available carbohy-
drate which furnishes the necessary energy.

(5) Excess ammonia is absorbed from the rumen, Most of this
excess is subsequently excreted thereby resulting in a loss of
votential protein for productive purposes.

Under practical conditions a wide wvariety of protein and carbohy-
drate sources are available for use in ruminant rations. In order to
achieve maximum feed efficiency it would appear that, in addition to
formulating rations to contain recommended levels of protein and carbohy-
drate, the selection of ingredients would also need to be based on a
knowledge of the probable inter-relationship, during fermentation in the
rumen, of the protein and carbohydrate contained in a specific combination
of ingredients. The lack of sufficient information would generally
preclude the use of the latter consideration at the present time although
exceptions do exist. For example, it has been shown that the utilization
of nitrogen, by steers fed rations in which urea furnished approximately
33% of the nitrogen, was not influenced by the carbohydrates of various
cereal grains, but was depressed when cane molasses was substituted (Bell,
Gallup & Whitehair, 1951). Nitrogen balance data obtained by Smith,
Mclaren, Anderson, Welch & Campbell (1957, 1958) with lambs fed corn cobs,
wheat straw or oat-mill feed in rations in which 67% of the nitrogen was
furnished by urea indicated that nitrogen utilization was increased by

corn cobs and decreased by oat-mill feed when compared with the results
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obtained with lambs fed wheat straw. These workers also showed that
replacement of various amounts of wheat straw with equal quantities of a
mixture of dextrose and starch improved nitrogen utilization. Therefore,
in rations in which a substantial portion of the nitrogen is present as
urea, starch is the most suitable carbohydrate and is probably best
supplied by one or more of a variety of cereal grains.

Chalmers and Synge (1954) noted that herring meal protein was superior
to casein as a supplement for sheep and related this superiority to a
lower rumenal ammonia formation and a consequent lower nitrogen excretion.
Henderickx and Martin (1963) found that the rate of breakdown of each of
a wide variety of proteins was directly proportional to solubility in a
mineral buffer solution. These workers also tested the effect of a number
of carbohydrates on the rate of protein degradation and resynthesis in
vitro. They found that those carbohydrates which were most effective in
stirmulating synthesis of a microbial protein were also most effective in
inhibiting the breakdown of food proteins. The effectiveness of each
carbohydrate in altering rates of degradation and resynthesis varied
depending on the particular protein being tested.

Consideration of protein-carbohydrate inter-relationships would also
appear to be necessary for animals on pasture, particularly those consuming
herbage high in nitrogen. Waite (1958) demonstrated that nitrogen top-
dressing had an adverse effect on the soluble carbohydrate content of
grass and Barnett (1955) suggested that during periods of rapid growth
the supply of readily available carbohydrate might not be adequate to
provide the necessary energy for the rumen organisms concerned in the
utilization of nitrogen. Johns (1955 b) observed that the concentration

of ammonia in the rumen of sheep on a high protein pasture ranged from
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35 mg. of NH3 - N/100 ml. (summer) to 130 mg./100 ml. (winter). In the
present work, maximum concentrations of NH3 varied from approximately 15
to 65 mg./100 ml. depending on the maturity and crude protein content of
the pasture fed. Considerable variation in the ratio of protein to
soluble carbohydrate was also found in the pasture. It would appear
desirable, therefore, to improve the balance of nutrients by supplementing
pasture high in protein with a source of readily fermentable carbohydrate,
However, in practice, a response in level of production has seldom been
obtained by supplementary feeding except under conditions of intensive
grazing or during prolonged periods of wet weather (Conway, 1963; Masangi,
Holmes & Jones, 1965; Forbes, Raven & Robinson, 1966). It can also be
postulated, on the basis of work by Blaxter & Wilson (1963) that cattle or
sheep grazing relatively mature stands of grass would respond to
supplementary feeding.

The lack of response by animals grazing herbage at a highly digestible
stage is due, in part, to the effect of the supplement on the intake of
herbage. Forbes et al,(1966) found that the intake of a group of steer
calves, measured as starch equivalent, increased by less than 1 1b./head/
day when 4 1lb. of barley was fed with a freshly-cut, mixed stand of
timothy and meadow fescue. when barley was given ad libitum, the steers
consumed an average of 7.2 lbs. of grain/day. Due to the decline in the
intake of grass, the additional 3.2 1lbs. of barley had a negligible effect
on intake of starch equivalent. Blaxter et al,(1961) and Blaxter &
Wilson (1963) found that when restricted amounts of concentrate were given
to sheep, the extent of depression in voluntary intake of hay varied
inversely with the quality of the hay. A similar effect probably occurs

when concentrates are given to animals at grass.
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The effect of supplementary soluble carbohydrates on intake is
probably partially due to their well-known effect on cellulose digest-
ibility (Burroughs et al,, 1949; Head, 1953; Fonsembiante, 1958; el Shazly
et al,, 1961) and hence, to the rate of disappearance of digesta from the
rumen. This relationship has been discussed previously in connection with
the effect of supplementary lipid on voluntary intake.

Although the loss of digestible nutrients resulting from the depression
in cellulose digestibility might be expected to affect animal performance,

a compensatory increase in digestibility of the soluble carbohydrate
fraction also occurs when supplementary starch or soluble sugars are
given (Forbes et al,, 1966). The amount of concentrate given appears to
be a major factor governing the degree of compensatory digestion achieved.

The feeding of a supplementary source of readily fermented carbohydrate
would also be expected to alter the proportions of VFA present in rumen
liquor. In some cases, the change would probably not be extensive since
relatively large proportions of propionic acid have been found in the
rumen of animals grazing highly digestible herbage (Bath & Rook, 1961;

Terry & Tilley, 1961; Bath, Rook & Rowland, 1962). However, wide variations
in proportions of VFA were found by these authors. Part of this variation
was attributed to a species effect and, although all the herbage tested

was described as being leafy and of good quality, differences in chemical
composition within species were probably also involved. These variations

in VFA ratios suggest that, even for good quality pasture, situations may
exist where supplementary feeding would be a practical means of improving
animal performance,

Many unanswered questions, concerning factors which affect the

performance of ruminants fed young, highly-digestible forage, remain.
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Further knowledge of the relationship of protein and carbohydrate in
the diet on biochemical and physiological changes occurring in the animal

may well provide answers to some of these questionms.
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APPENDIX I

Proportiong of individual volatile fatty acids in duplicate samples

removed from each of three different regions of the rumen

Date of Sampling 30 .7 .64 31.7 .64 1.8.64
Location Time of sampling after Time of sampling after Time of sampling after
of sample commencement of feeding (hr.) commencement of feeding(hr.) commencement of feeding(hr.)
0 2 L.5 6.5 0 2 L.5 6.5 0 2 L,5 6.5
A 7.4 75,1 715 717 67.0 70.5 68.6 68.8 70.9 75.2 70.3 69.9
76.5 7.7 72.0 70.1 67.8 69.7 66.9 68.4 71.6 73.9 70.7 70.1
Reticulum P 16.4 17.4 19.7 18.8 19.6 19.9 20.5 19.5 17.1 17.7 20.8 19.7
4.9 16.9 20.0 19.6 19.4 20.2 21.2 19.9 17.7 18.9 21.3 21.3
B 9.0 7.5 8.8 9.5 3.4 8.9 10.9 1.8 12.0 7.1 8.9 10.4
8.5 6.4 7.8 10.2 12.9 10.0 1.8 11.8 10.7 2 8.0 8.6
A 75.1  75.3 69.1 70.5 65.9 70.0 67.3 69.8 72.1 7.6 68.1  70.4
4.1 75.6 68.9 71.3 65.6 70.1 70.9 69.9 71.9 75.5 69.3 70.7
Mid region P 16.4 17.4 20.5 19.4 20.2 19.9 21.2 19.1 16.9 18.6 21.1 18.9
15.6 17.6 21.1 18.8 20.2 20.1 19.8 19.6 17.9 17.9 20.3 19.5
B 8.6 7.2 10.2 10.1 3.9 10.0 1.4 1.1 11.0 6.8 10.8 10.7
8.3 6.8 10.0 9.9 W.1 9.8 9.3 10.4 10.2 6.6 10.4 9.8
A 69.4  74.6  69.7 711 67.0 72,6 67.4 65.2 70.3 73.3  69.7  69.5
.7 74.0 70.0 71.1 71.3 71.1 66.1 65.8 71.4 3.7 69.0 70.7
Posterior P 20.6 18.0 20.4 19.3 19.4 18.1 21.2 21.8 18.3 17.9 20.6 19.9
dorsal blind 16.3 18.2 20.3 18.9 18.2 19.3 21.7 21.1 17.9 19.2 20.8 18.8
B 9.9 7.4 9.0 9.7 3.5 9.3 1.5 13.0 1.4 8.8 9.7 10.6
9.0 % 9.7 10.0 10.4 9.6 2.4 3.1 10.7 7.1  10.2 1o.5

* A - acetic acid P - propionic acid B - butyric acid
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APPENDIX III

Variations in rumen ammonia_concentrations (mg./100 ml.) in twin cows fed perennisl ryegrass

hay with and without the addition of 500 g. linseed oil

Experiment(v)
Cow ¢ Cow C
Date of Time of sampling after Time of sampling after
sampling Treatment commencement of feeding(hr.) Treatment commencement of feeding(hr.)
0 2 b 6 0 2 L 6
Part (31
18/9/63 (no oil) L.y 4.9 L.8 1.6 (no oil) 3.9 4.1 L.9 1.6
19/9/63 (linseed oil 4.7  1l.5 6.2 2.5 (no oil) 5.1 1.9 5.0 2.1
500 g.)
20/9/63 (linseed oil k.o 8.5 3.7 3.7 (no oil) 3.7 12.9 3.4 1.7
500 g.)
Part (ii
25/9/63 (no oil) 3.8 4.9 2.1 1.6 (no oil) L,2 7.2 1.8 1.6
26/9/63  (no oil) 3.6 10.6 1.6 1.0 (1inseed oil 2.6 8.8 3.7 2.2
500 g.)
27/9/63 (no oil) 2.9 5.1 1.4 Sn7 (1linseed oil 3.3 6.8 3.3 3.3

500 g.)




APPENDIX IV

Variation in rumen volatile fatty acid concentration gm_mole[l.l in twin cows fed

ennial ryegra hay with and without the addition of 500 g. linseed oil

Experiment v
Cow ¢ Cow C
Datiuff Treatment Time of sampling after Treatment Time of sampling after
samping commencement of feeding(hr.) commencement of feeding(hr.)
0 2 L 6 0 2 4
Part (i)
18/9/63 (no oil) 62.9 93.7 62.0 67.2 (no oil) 72.2  99.1 60.7 64.9
19/9/63 (linseed oil  69.2 88.9  71.5 64.7 (no oil) 72.2  92.5 77.1 69.5
500 g.)
20/9/63 (linseed o0il  68.0 80.8 77.1  78.9 (no oil) 62.8 84.3 81.0 67.4
500 g.)
Part (ii)
25/9/63 (no oil) 50.8 89.7 71.1 713 (no oil) 72.5 109.0 79.5 7?5.7
26/9/63 (no oil) 56.1 81.3 70.8 67.7 (linseed oil 76.2 101.6 78.6 65.5
500 g.)
27/9/63 (no oil) 64.7 100.7 68.7 62.0 (1inseed oil 86.2 90.9 71.0 70.7

500 g.




APPENDIX V

Concentrations of the individual volatile fatty acids (m-mole/l.) in twin cows fed

perennial ryegrass hay with and without the addition of 500 g. lingeed oil

Experiment v
Time of sampling after Time of sampling after
Date of commencement of feeding(hr.) Date of commencement of feeding(hr.)
sampling Cow C Cow C sampling Cow ¢ Cow C
0 6 0 6 0 6 0 6
Part (i 0 Part (ii)
A 48.9  49.2 53.5 k7.5 A 37.2 49.1  51.2 51.6
18/9/63 P 10.3 11.6 13.1  11.7 25/9/63 P 1.0 16.0 12.2 1.7
B 3.7 6.4 5.6 S5 B 2.6 6.2 9.1 9.4
A 50.1 48.5 53.2  51.8 A 3.1 52,0 55.4 bs5.8
19/9/63* P 11.8 10.8 13.0 11.5 26/9/63%* P 10.3 11.6 13.0 12.0
B 7.3 5.4 6.0 6.2 B 2.7 4.1 7.8 ey
A 45.0 49.8 L6.1 47.9 A 52.0 L48.3 60.6 6.2
20/9/63* P 17.1 22,0 10.4  12.4 27/9/63%* P 9.7 9.1 18.9  15.8
B 5.9 7.1 6.3 72\ B 3.9 4.6 6.7 8.7

* cow ¢ received 500 g. linseed oil between 0 - 2 hr.

** cow C received 500 g. linseed oil between 0 - 2 hr.

1 A - acetic acid P - propionic acid B - butyric acid




Reprinted from the Journal of the Science of Food and Agriculture, 1964, No. 5, pp. 274-282.

STUDIES ON RUMEN METABOLISM. I.—Effect of Lipids on the
Concentration of Ammonia, Total and Individual Volatile Fatty Acids
in the Rumen

By J. A. ROBERTSON and J. C. HAWKE

The infusion of linseed oil or whale oil into the rumen of pasture-fed identical twin cows
resulted in marked reductionsin intake and in the concentrations of acetic and butyric acids
in the rumen. Concentrations of propionic acid however remained at or above those found
during the pre-treatment periods. Added linseed oil also resulted in an increase in the
concentration of ammonia in the rumen.

Introduction

Until recently very little was known concerning the metabolism of dietary lipid in the
ruminant. This was due, in part, to the limitations of the techniques available for lipid analysis
and also to a lack of interest in lipids because of their relatively small contribution to the intake
of dry matter by ruminants. The recent inclusion of animal fats and vegetable oils in animal
rations! and the use of oils and tallow in the prevention and treatment of bloat? have served to
accentuate the need for more information on lipid metabolism in the rumen, and in particular,
the effect of lipids on protein and carbohydrate metabolism.

Several workers3-8 have reported that the addition of fat in excess of 5% of dry matter
to rations high in fibre reduced the digestibility of dry matter, organic matter, cellulose and
protein. Brooks et al.* suggested that the coating of feed particles by fat could account for
part of the decrease in digestibility. Chalmers,” investigating the effects of added oil on
ammonia-levels in the rumen, found that when nitrogen levels in the feed were 39, of dry matter,
the addition of oil resulted in a depression in the concentration of ammonia in the rumen, whereas
at a nitrogen level of 4-5% the added oil resulted in an increased concentration.

Little information is available concerning the effect of lipids on rumen metabolism in
animals fed on pasture. Furthermore, the observed fluctuations in the lipid content of pasture
species with stage of growth® could result in a considerable variation in lipid intake and it was
decided therefore to investigate the effect of oil on protein and carbohydrate metabolism in
animals consuming freshly-cut pasture. Because the lipids of grasses and clovers contain
predominantly linolenic and linoleic acids, linseed and whale oil were used in these experiments.

Experimental
Treatment of animals

Two pairs of identical-twin, non-lactating Jersey cows with rumen fistulas were used in
the experiments. The animals were stall-fed on freshly-cut pasture, consisting of a perennial
ryegrass and white clover mixture, and were trained to consume their feed in two periods of
approximately 2 h. beginning at 9 a.m. and 4 p.m. Water and iodised salt were available
ad lhibitum. Before the beginning of each series of experiments, the animals were stall-fed for
a period of at least 7 days. The oils were administered as oil/water emulsions 50 : 50 (w/V)
with 1%, Lissapol NX (Imperial Chemical Industries Ltd.) as emulsifying agent, over the morning
feeding period.

Experiment (i).—The animals (pair a A) weighed about goo lb. Initially, a single dose of
an emulsion containing 500g. of linseed oil wasinfusedinto the rumen of cow a during one morning
feeding period. A week later cow A received the same dosage on each of four consecutive
mornings. Rumen samples were taken from each animal just before the morning feed and 2, 4
and 6-5 h. later.

Experiment (ii).—The animals (pair & B) weighed about 600 lIb. An emulsion containing
750 g. of linseed oil was given to each animal on two consecutive days. The rumen of both
animals were sampled on the day prior to dosage as well as on the two days of oil infusion.

Experiment (iii).—An emulsion containing 750 g. of whale oil (Perano Bros. Ltd., Picton,
New Zealand) was infused into the rumen of cow B on two consecutive days. Rumen samples
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were taken from both animals on the day prior to treatment and on each of the two days of
dosage. One week later cow b received the same amount of emulsion on two consecutive days
and both animals were sampled as before.

Rumen sampling

Preliminary experiments were made to determine if one region of the rumen could be
selected for sampling purposes. Samples, to give approximately 200 ml. of liquor after being
strained through muslin, were removed from the reticulum, the dorsal posterior blind sac and
an area intermediate between the dorsal and ventral positions which was directly below the
fistula. The results are presented in Fig. 1 and indicate that intermediate values for total
volatile fatty acids (VFA) and ammonia were obtained from the position below the fistula
and the lowest values for samples taken from the reticulum. These findings are in agreement
with those of Bryant® and in subsequent trials it was decided to sample from the intermediate
position only.

30} Ve + A 120
ra

AMMONIA, mg /100 ml
VOLATILE FATTY ACIDS, mmoles /i

! L L 1
[} 2 45 650 2 4.5 6.
TIME OF SAMPLING AFTER COMMENCEMENT OF FEEDING, h.

F16. 1.—Concentrations of ammonia and VFA in different vegions of the rumen
Cow A

------- Cow a

O Anterior dorsal region
[0 Midway between dorsal and ventral regions
A Posterior dorsal blind sac

Analytical methods

Pasture anal’ysis.—Dry matter was determined by drying a sample for 16 h. in a forced-
draught oven at 100° and total nitrogen by the Kjeldahl method modified for samples containing
nitrate.l® Methods for the extraction of soluble sugars and the hydrolysis of the hemicellulose
and cellulose fractions were as described by Jarrige.!! Soluble sugars and products of hydrolysis
were determined by the method of Bath.'2 All analyses were carried out on samples obtained
at the beginning of each experiment.

pH measurement.—Determinations were made on rumen liquor immediately after sampling,
using a glass electrode (Radiometer pH Meter 23).

Ammonia was determined in 1 ml. of rumen liquor by the boric acid-hydrochloric acid
procedure of Conway & O’Malley.13

Total volatile fatty acids.—Separation of VFA from 5 ml of rumen liquor was effected by
steam-distillation in a Markham still using the method of Johns,'¢ 6o ml. of distillate being
collected, followed by the collection of a further 60 ml. to serve as a blank. The distillates were
then titrated with o-0§N-sodium hydroxide and phenolphthalein indicator. After addition of
a small excess of alkali, the salts of the fatty acids were concentrated ¢» vacuo to a suitable
volume (o-5-1-0 ml.) for gas-liquid chromatographic analysis.

Individual volatile fatty acids.—The proportions of acetic, propionic and butyric acids in
the volatile fraction were determined by gas-liquid chromatography!® at 137° with the column
packing described by Hawke.1® The concentrated salts of the fatty acids were taken up in

J. Sci. Fd Agric., 1964, Vol. 15, May



276 ROBERTSON & HAWKE—RUMEN METABOLISM. I

a syringe and approximately o005 ml. was acidified in a platinum boat containing a mixture of
equal parts by weight of Celite 545 and dry potassium bisulphate. The boat was then pushed
into the heated region of the column and the nitrogen supply connected.

Fluid volume of the rumen.—The method of Hydén!?. 18 was used to determine fluid volume.
A solution of 100 g. of polyethylene glycol (P.E.G.) (mol. wt. 4000) in 2 1. of water was sprayed
into the rumen of cow b and cow B immediately before the morning feed, on two consecutive
days. Rumen samples were taken at 2-h. intervals over a 12-h. period. The samples, which
could not be clarified by filtration after the addition of barium chloride, barium hydroxide and
zinc sulphate, were centrifuged at 10,000 g for 15 min. in a Spinco ultra-centrifuge.’®* The
average values for the two days were 54 and 57 l. for cow & and cow B respectively.

Results
Pasture com position

Marked changes in the chemical composition of the pasture occurred between experiments
(TableI). Solublesugarswereinhighest concentration during late winter (August) when growth
was slow and lowest during the period of rapid growth in the autumn (May). Conversely,
protein was highest in the autumn sample and lowest in the late winter sample. Values for
hemicellulose were similar to those for soluble sugars while cellulose remained relatively constant
at about 189, of dry matter.

Table I

Chemical composition of pasture for the period of the experiments in which linseed oil
and whale oil were infused into the rumen of twin fistulated cows

(results as 9, of dry weight)

Date of sampling Dry Soluble Hemi- Cellulose Total Protein Protein/
matter sugars cellulose carbo- (N X 6-25) soluble
hydrate carbo-
hydrate
ratio
Expt. (i) (30.8.61) 141 184 199 17:7 560 210 I1°14:1
Expt. (ii) (13.11.61) 207 16°1 162 18-0 503 18-2 I-13:1
Expt. (iii) (7.5.62) 10-6 90 98 189 377 28-7 32:1

Feed intake

The infusion of 500 g. of emulsified linseed oil into the rumen of cow a in the first series
of experiments appeared to depress intake slightly, although intake levels each day were
sufficiently variable to make this uncertain (Table II). The treatment of cow A with the
same weight of emulsified linseed oil produced a reduction in intake to about 709, of the pre-
treatment level. The control animals maintained their intake close to the pre-treatment levels
with the exception of a low intake for cow a on one day.

In experiment (ii) a marked drop in intake occurred with both animals (pair 4 and B)
at the feeding period which followed the infusion into the rumen of 750 g. of emulsified linseed
oil (Table II). Despite negligible intakes during some subsequent feeding periods considerable
amounts of solid ingesta remained in the rumen.

A decreased feed intake also resulted when animals b and B were given 750 g. of emulsified
whale oil. The drop in intake was 40-509, of the pre-experimental level which was not as great
as that brought about by the infusion of the same weight of linseed oil (Table II).

Ammonia concentration in the rumen

The addition of oil would appear to affect nitrogen metabolism in the rumen since levels
of ammonia were altered appreciably in all experiments (Fig. 2). In cow a (experiment i)
the concentration rose from a normal maximum of 20-25 mg./100 ml. rumen liquor (at 2 h.
after the commencement of feeding) to about 50 mg./100 ml. of rumen liquor after the addition
of oil. At 4 h. the ammonia-concentration had dropped considerably but was still well above
that for the control animal. After the infusion of oil into cow A the ammonia level was similar
to that for the control animal until the afternoon of the third day of treatment when it rose
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Table II
Intake of fresh pasture by stall-fed twin cows with and without added oil (Ib.)

Experiment (i)

Date Oil added Morning Afternoon Total
Cow a Cow A Cow a Cow A Cow a Cow A
28.8.61 —_ 78 72 84 77 162 149
29.8.61 —_— 69 70 70 64 139 134
30.8.61 linseed, 500 g. 55* 8o 71 81 126 161
11.9.61 — 66 54 71 84 137 138
12.9.61 linseed, 500 g. 54 63* 73 29 127 102
13.9.61 ” P 49 54* 54 37 103 91
14.9.61 " ” 70 50* 68 49 138 99
15.9.61 " i 76 57* 64 45 140 102
Experiment (ii)
Cow b Cow B Cow b Cow B Cow b Cow B
13.11.61 — 44 37 64 64 108 101
14.11.61  linseed, 750 g. 37 34* 53 9 90 43
15.11.61 - - 31 2% 61 28 92 30
16.11.61 " " 24* o 9 9 33 9
17.11.61 s i k- 3 8 13 11 16
Experiment (iii)

7.5.62 — 42 56 57 60 99 116

8.5.62 whale, 750 g. 55 56* 64 41 119 97

9.5.62 ” - 36 20* 54 28 90 48
16.5.62 — 56 44 51 44 107 88
17.5.62 whale, 750 g. 64* 44 41 43 105 87
18.5.62 i " 29* 44 34 49 62 93

* animal received oil

to 50 mg./100 ml. of rumen liquor. The concentration in the sample taken prior to feeding
on the fourth morning was 8o mg./100 ml. after which it dropped to a level below that found
in samples from the control animal.

It was thought that increasing the amount of linseed oil from 500 g. to 750 g. would
establish whether the irregular increases in ammonia concentrations in experiment (i) were
due to the addition of oil. However, although the ammonia concentrations in the rumen of
the experimental animals were higher than those in the controls, the very large increases which
were found occasionally in the first experiment were not obtained. In experiment (ii) the
concentrations of ammonia in the rumen were lower in the control animals than in the previous
experiment (Fig. 3) and this was probably due to the lower nitrogen levels in the pasture
(Table I). The values for ammonia for both animals on the day before the addition of oil
were almost identical, rising to a peak of about 15 mg./100 ml. of rumen liquor at 2 h. and de-
creasing slowly over the next few hours. On the first day of treatment the initial rise at 2 h.
was followed by further increases at 4 and 6 h. reaching a maximum of about 20 mg.,/100 ml. of
rumen liquor at 6 h. The level the following day remained almost constant at 13-15 mg./100 ml
despite a much lower feed intake.

I't was thought that the severe effect of the larger dose of linseed oil on intake might have
been due to a characteristic of the oil such as the presence of a cyanogenetic glucoside. Conse-
quently whale oil, another highly unsaturated oil, was used in experiment (iii). The effect
of ammonia concentration after addition of 750 g. whale oil to cows b and B is shown in Fig. 4.
Concentrations for both animals immediately before treatment were almost identical (max.
60-65 mg./100 ml. of rumen liquor) and followed very similar patterns subsequent to treatment.
The oil had no effect until the second day when concentrations remained almost constant at
between 30-40 mg./100 ml of rumen liquor.

pH measurements of rumen liquor
In general, pH and total VFA concentrations showed an inverse relationship. In experi-

ment (ii), rumen pH for the control animals varied from a maximum of approximately 7-0
to a minimum of approximately 6-7. Little change from the control values was found on the
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F16. 2.—Variations in rumen ammonia and VFA concentrations in twin cows stall-fed on
freshly-cut mixed pasture with and without 500 g. of added linseed otl

a. 29.8.61 Cow a Ewithout oill) O~=-=-0 Cow A (without oil) O (@]

30.8.61 Cow a (with oil) O----0 CowA( , ») O—0
b. 11-15.9.61 Cow a (without oil) X ---- X (average for 5 days)

11.9.61 Cow A B o o——20

12.9.61 5 (with oil) O=—0

13.9.61 B o owm B=—vA

14.9.61 O R *o——@e

15.9.61 wow om o om a—n

first day of oil addition, but on the second day the pH in the samples from both treated animals
rose to maxima of about 7-6 immediately after feeding and remained relatively constant through-
out the day. The pH of samples from control animals in the experiment with whale oil varied
from 7-1 to 6-:2. The addition of oil appeared to decrease this variation of pH throughout the
hours of sampling.

Concentration of total volatile fatty acids in the rumen

No apparent change occurred in the concentration of volatile acids in samples taken from
cow a after infusion of 500 g.linseed oil (Fig. z). Values for both animals varied from a mini-
mum of approximately 9o mmoles/l. of rumen liquor before feeding, to a maximum of 145-
160 mmoles/l. 4 h. after the commencement of feeding. The maximum concentrations in cow A
decreased slightly on each successive day of treatment. This decrease was paralleled by a tend-
ency for intake to fall on successive days of treatment (Table II).

VFA concentrations in cows b and B were similar before treatment in experiment (ii) and
were well below those found during the pre-treatment period in experiment (i). The concen-
tration of VFA in samples from both animals on the first day of oil dosage, followed the same
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, mgfl100ml
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VOLATILE FATTY ACIDS, mmoles/l.
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Fi6. 3.—Variations in rumen ammonia and VFA concentrations in twin cows stall-fed on
freshly-cut mixed pasture with and without 750 g. of added linseed oil

13-15.11.61 cow b (without oil) X X (average for 3 days)
-0

16.11.61 » 9 (withoil) @

170161 s o ow Beee-B
13.I1.61 cow B (without oil) O=——0O
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15.11.61 5 W e A=—4
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Fi16. 4.—Variation in rumen ammonia and VFA concentrations in twin cows stall-fed on
freshly-cut mized pasture with and without addition of 750 g. of whale oil

a. 7562 Cow & (without 0il) O ====-0 Cow B (without oil) O O
8.5.62 G ) o O----0 w a  (with oil) El=—]
9.5.62 "o " e wpeisis SN I T T a=—A

b. 16.5.62 Cow b (without o0il) @----@ Cow B (without oi) @——@
17.5.62 ,, ,, (with oil) | ECERY ¥ i % o E—N8
18562 ,, 5w » AT T oslA "wom " " A—™A
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pattern and were about the same level as during the control period but decreased in subsequent
samples on the second day.

The administration of 750 g. of emulsified whale oil had an effect on total VFA concen-
trations similar to that produced by the same weight of linseed oil. On the first day of treat-
ment the concentrations of VFA in samples from animals 4 and B followed those found on the
pre-treatment day. Concentrations obtained the following day showed much less overall
variation and were lower than those found in the earlier experiment.

Individual volatile fatty acids

The concentrations of acetic, propionic and butyric acids (mmoles/l. of rumen liquor)
were altered appreciably by the addition of 500 g. of linseed oil to the rumen (Table III). In
cow a, there was an almost immediate decrease in the concentration of acetic acid to about half
that present in the pre-experimental period, and a considerable increase in the concentrations
of propionic and butyric acids. The oil had no effect on the concentrations of the acids in
cow A until the third day of infusion when the amount of propionic was well above previous
levels despite a decrease in total concentration of acids. By the fourth day, the concentrations
of acetic and propionic acids were approximately equal whereas prior to oil infusion the acetic/
propionic ratio had been approximately 4-5: 1.

Changes in concentration of the fatty acids after infusion of 750 g. of emulsified linseed
oil were observed on the second day. Although the total concentration of VFA decreased
to about half, there was almost no change in the concentration of propionic acid ; acetic and
butyric acids were both reduced to between } and } of the former levels.

When the same weight of whale oil was introduced into the rumen, no obvious effect on
the concentration of individual acids occurred until the second day of infusion. As in the
previous experiment, the concentration of propionic acid remained at, or was higher than,
the control level despite a decrease in the concentration of total fatty acids in the rumen.

Discussion

The addition of linseed oil resulted generally in increased concentrations of ammonia in
the rumen. Unless the oil acted as a physical barrier to absorption, it is unlikely that these
increases were due to decreased absorption from the rumen since the higher pH values in the
animals given oil compared with those for the controls, especially in experiment (ii), would
have favoured an increase in the absorption rate.?® Therefore, the increases in the concen-
tration of ammonia appear to have been due to an effect of oil on protein metabolism and would
have occurred as a result of either increased deamination of the amino-acids in the rumen or
reduced utilisation of ammonia by the rumen micro-organisms. Davison & Woodsé found
that the addition of maize oil to rations high in roughage resulted in a decreased retention
of nitrogen and, from the present work, it appears that increased ammonia levels in the rumen
might have caused higher losses of urinary and faecal nitrogen. On the other hand, a decrease
in ammonia concentration occurred after the addition of whale oil. This was possibly due to
the decrease in feed intake and hence protein intake, although decreases in intake did not have
this depressing effect on the ammonia concentration when linseed oil was used. The relationship
between ammonia production and the amount of oil and protein ingested appears to be rather
complex since Chalmers? has found that when nitrogen levels in the feed were 39, of the intake
of dry matter, the addition of oil to the ration depressed rumen-ammonia concentrations, but
when nitrogen levels were 4:5%, of the dry matter intake, increased ammonia concentrations
occurred. In the present experiments, the nitrogen levels in the pasture were approximately
3 and 4:5% of the dry matter for the linseed and whale oil experiments, respectively.

The high protein levels found in New Zealand pastures, particularly in late autumn and
early spring,?! might be expected to lead to conditions of ammonia toxicity. In the present
experiments, maximum ammonia concentration in the rumen (60-65 mg./100 ml.) occurred
at the time when pasture levels of protein were highest and of carbohydrate lowest. Although
no toxic symptoms were noticed, these levels were of the magnitude found by other workers??. 23
to cause an increase in the level of ammonia in peripheral blood with eventual toxic effects on the
animal.
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Date

29.8.61

30.8.61

11.9.61

12.9.61

13.9.61

14.9.61

15.9.61

Experiment (i)

Cow a
(no oil)

Cow A
(no oil)

Cow a
(linseed
oil, 500 g.)

Cow A
(no oil)

Cow a
(no oil)

Cow A
(no oil)

Cow a
(no oil)

Cow A
(linseed
oil, 500 g.)

Cow a
(no oil)

Cow A
(linseed
oil, 500 g.)

Cow a
(no oil)

Cow A
(linseed
oil, 500 g.)

Cow a
(no oil)

Cow A
(linseed
oil, 500 g.)

*

WO Wor Wu> W W wor Wure W W W mur W mur W

Time of sampling

after commencement of
_ feeding (h.)

o
674

85
14-8

622
16-0
13-8
729
13-8
17-0

737
177
165
69-9
151
170

29-8
119
76-6
194
149

353

e}
™~

2
891
19°4

137

100-9
28-0
208

538
452
333

845
310
207

757
249
264

839
16-2
109
86-0
29°'1
21°1

72°3
264
22-8
74'5
22-6
197

61-8
285
154
90°5
22-8
208

554
312

7°5
872
25'3
20°5

381
426
17-2

4
102-6
285
25'3

933
28:6
22°5
56-8
675
329

927
277
29-2
1000
226
20-2

891
179
17°4
983
272
200

841
238
227
831
28-6
147

68-2
32:0
16-8
92:8
27-6
22°5

51-2
347
11-6
956
274
19-6

441
48-8
167

6-5

937
21°4
22§

842
22:3
18-9

452
592
382

101°9
21-8
149
955
200
155

635
24'0
17-8
877
24'0
17:2

796
225
22'5
77°4
17:2
139

65-0
29'6
16°1
836
253
18'5

459
41-6

66
87-1
25'4
16:9
52'0
492

92

* A = acetic acid

Table III

Concentration of the individual volatile fatty acids (mmnoles/l.) in the rumen of twin cows stall-fed on freshly-cut wixed pasture

with and without added oil

Experiment (ii)

Experiment (iii)

Date

13.11.61

14.11.61

15.11.61

16.11.61

17.11.61

Cow b
(no oil)

Cow B
(no oil)

Cow b
(no oil)

Cow B
(linseed
oil, 750 g.)

Cow b
(no oil)

Cow B
(linseed

oil, 750 g.)
Cow b
(linseed

oil, 750 g.)

Cow b
(linseed

oil, 750 g.)

W» Wo» WO WU wWus wu» Wue

o>

Time of sampling

after commencement of
_ feeding (h)

o
455
83
58

372
57
46

59'9

12-3
9-8

529
11-7

6-8
457
11-8
I11°0

356
258
41
647
12°4
7°2

2
735
189
65

639
109

82
76-2
231
131

806
22-8
150
699
232
11-6

31-6
18-9

54
74°6
16-9
10°4

27°5
I1°2
42

P = propionic acid

%
690 61-6
16:8 143
12-4 11-8

719 553
132 141
93 79
757 631
196 13°3
15'1 16:6

748 525
17-3 186
137 120
583 624
140 134
95 10°5
213 243
184 148
29 40
750 52°1
12-1 116
3'4 107

26-8 24
12-4
41

N ook
(SN o]

8
587

9-2

6-9

532
10-6
66
59°1
12°5
93

527
233
120
49'5
12°4
92

213
12-9

32
51-6
15-8
I1-5

Date

7.5.62

8.5.62

9.5.62

16.5.62

17.5.62

18.5.62

B = butyric acid

Cow b
(no oil)

Cow B
(no oil)

Cow b
(no oil)

Cow B
(whale oil,
750 8.)

Cow b
(no oil)

Cow B
(whale oil,

750 g.)
Cow b
(no oil)

Cow B
(no oil)

Cow b
(whale oil,

750 8.)

Cow B
(no oil)

Cow b
(whale oil,
750 8.)

Cow B
(no oil)

WO WY WY W W W WY W woe B WU I

Time of sampling
after commencement
of feeding (h.)

o

2

4

464 516 498

I1-1
10-7

44'3
105
8-8
450
110
91

376
10-2
11-6
141
110

7-8
430
26-6
1’5
442

99

159

90
663
16-8
11:7
61-2
17-6

8-2

71-2
18-8
134
459
12-4
115

36-2
277
119

19:7
9-8

857
231
215
733
21-8
140

81:6
26-7
234
573
16-0
109

40°'1
336
I1'5

80-3 104'7

206
10-3

60-9
19°1
129
644
20°5
137

60-0
177

7°6
46-8
267
12;7

57'0
182

7%

29'6
19°5

710
19°3
129
99-3
277
21:9

840
245
139
578
345
15'4
733
236
17°1

6
613
194
16-7

853
181
231

736
227
19'3

704
26-6
250
76-1
234
15-8

422
29'4
114
729
19°7
20°3

761
21-8
14-4
931
26-2
229

77'3
214
120

552

327
12:9

700
186
11:7
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In considering the effect of the metabolism of glycerides on the amounts of VFA produced,
it can be calculated that complete hydrolysis of 500 g. of linseed oil and the quantitative fer-
mentation of glycerol to propionic acid could account for an increase in the concentration of
propionic acid in the rumen of about 10 mmoles/l. (fluid volume as determined by the P.E.G.
method was approximately 55 l.). In experiments (i) and (iii) increases in propionic acid
concentration equalled or exceeded the calculated value. Moreover, other workers?4. 25 have
shown that glycerol is fermented relatively slowly in the rumen and that the volatile acids,
predominantly propionic, did not account for more than 509, of the glycerol metabolised.2®
Therefore very little of this increase can be attributed to the oil itself and appears likely to
have been brought about by the effects of oil on the digestion of carbohydrates.

The most pronounced effect of added oil on the metabolism of carbohydrates was a decrease
in concentration of acetic acid in the rumen. Some of this decrease was undoubtedly due to
the reduction in intake which occurred in varying degrees following oil infusion. However,
in experiment (i) in particular, large reductions in the concentration of acetic acid occurred
and were accompanied by only small reductions in feed intake. It is therefore probable that the
oil had a direct effect on the metabolism of the carbohydrate constituents in the pasture.
Other workers® 6. 27 found that cellulose digestion was reduced when maize oil was added
to low-quality rations for sheep, and Brooks et a.4 postulated that this resulted from the cellulose
becoming coated with oil which reduced its availability to cellulolytic enzymes. The present
work would appear to support this hypothesis, since rations high in cellulose are known to result
in high proportions of acetic acid being formed in the rumen and any decrease in cellulose

digestion should therefore result in reductions in acetic acid concentrations.

In vitro experi-

ments to determine the effect of oil on cellulose digestion are in progress.
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STUDIES ON RUMEN METABOLISM. IIL.*—In vivo Hydrolysis
and Hydrogenation of Lipid

By J. C. HAWKE and J. A. ROBERTSON

The hydrolysis and hydrogenation of grass and clover lipids and linseed oil have been
followed in fistulated twin cows. Mono- and di-glycerides, in addition to fatty acids, were
found in the rumen liquor after infusion of linseed oil into the rumen. The proportions of
linoleic acid found in rumen liquor 6-5 h. after infusion of linseed oil were above normal,
but the proportions of linolenic acid haa returned to about the pre-feeding level in this time.
The free fatty acids were more saturated than the unhydrolysed triglycerides, but the pro-
portions of unsaturated fatty acids in the partially hydrolysed glycerides were not greatly
different to those of the triglycerides.

Introduction

The modification of dietary lipids in the rumen is of interest in so far as it influences the
composition of depot and milk fats of ruminants.? One of the important activities of rumen
micro-organisms is the hydrogenation of unsaturated fatty acids, a process which has been
followed by in witro incubation experiments? 3 and by the post-slaughter analysis of rumen
contents.* In a detailed analysis, Shorland ef a/.5 have shown that ¢rans- and positional isomers
of unsaturated acids are among the products of hydrogenation of highly unsaturated fatty acids.

More recently Garton et al.® found that lipolysis, resulting in the liberation of free fatty
acids from neutral lipids, also occurs when neutral lipids are incubated with rumen contents,
and Hobson & Mann? isolated lipolytic bacteria from the rumen. Garton et al/.® and Wright,®
in comparing the hydrolysis of a number of triglycerides, found extreme variations in the amounts
of free fatty acids released after 22 or 24 h. (15-909%, for linseed oil). It appears that the
triglycerides of low molecular weight are the most rapidly hydrolysed and the saturated
triglycerides of high molecular weight the least rapidly hydrolysed. Garton et al.® could find
no evidence for the presence of mono- and di-glycerides in their incubation experiments. The
free fatty acids released were more saturated than the corresponding triglycerides which indicated
that unsaturated fatty acids are more rapidly hydrogenated in the free state than when combined
with glycerol.

Almost all the information on the hydrogenation of lipids has been obtained from iz vitro
and post-slaughter experiments. In one of the few ¢n vivo experiments reported, Hoflund
et al.1% obtained evidence for the reduction of linolenic acid to linoleic acid by following changes
in the iodine value of lipids in the rumen after the introduction of emulsified linseed oil through
rumen fistulas.

In the following in vivo experiments, the relationship between the hydrolysis and hydrogen-
ation of lipids, and the rates of hydrogenation of grass lipids and linseed oil in the rumen have
been followed. Also the degree of hydrogenation of free fatty acids, partial hydrolysis products
of triglycerides and unhydrolysed triglycerides has been compared.

Experimental
Treatment of animals and collection of rumen samples

Two pairs of non-lactating identical twin Jersey cows with rumen fistulas (denoted pair a A
and b B) were used at different stages of the experiments. The animals were stall-fed on a
freshly-cut mixed pasture of grass and clover approximately 12 in. long.!! After a pre-
experimental period of at least 7 days, linseed oil (500 g.) in the form of an oil-water emulsion
(50 : 50) with 19, Lissapol NX (Imperial Chemical Industries Ltd.) as emulsifying agent, was
infused through the middle section of the closed fistula over the 2-h. moming feeding period
which followed an overnight fast.

Samples were obtained from the area of the rumen just below the fistula, prior to and
following the morming feeding period. Rumen fluids were separated from the solid ingesta by
straining the rumen samples through two layers of muslin.

* Part I: preceding pap:r
J. Sci. Fd Agric., 1964, Vol. 15, May



284 HAWKE & ROBERTSON—RUMEN METABOLISM. II

Extraction of lipid from rumen fuids

The lipid concentrations and compositional changes in the lipids were followed in total
rumen fluids as obtained above, and in the clear supernatant which was obtained by centri-
fugation of a further portion of the sample for 30 min. at 14,600 g. Both the rumen fluids
and the supernatant fraction were diluted with an equal volume of absolute ethanol and evapor-
ated to dryness at approximately 60° i# vacuo in a rotary evaporator. The residue was ex-
tracted with diethyl ether and the extract washed several times with water to remove non-lipid
impurities. The ether extract was then evaporated to dryness, the final stages being carried
out in vacwo. The extraction procedure described by Hilditch!? was used to separate fatty
acids from the neutral lipid.

Separation of lipids by thin-layer and column chromatography on silicic acid

Qualitative separations of rumen lipids into fatty acids, di- and tri-glycerides were made
on thin layers of Silica Gel G (Merck, Germany). Slurries of silicic acid were prepared by
the usual technique!® and applied to glass plates by the method of Lees & De Muria.'* Light
petroleum-diethyl ether-acetic acid (9o : 10 : 1, by vol.), light petroleum-diethyl ether—acetic
acid (60 : 40 : 1, by vol.) and toluene-ethyl acetate—ethanol-acetic acid (10:5:5: 01, by vol.)
solvent mixtures were used to develop the chromatograms and the lipids were detected under
ultra-violet light after spraying with 0-29, 2’,7’-dichlorofluorescein in ethanol.1s

Rumen lipids were also chromatographed on columns of silicic acid (Mallinckrodt) by the
procedure of Hirsch & Ahrens!® except that smaller columns were used. These columns
(12 cm. X 1 cm.) of silicic acid (7 g.) did not separate triglycerides and fatty acids but enabled
monoglycerides to be eluted in less than 500 ml. of solvent. Triglycerides and fatty acids were
separated after column chromatography by the usual solvent extraction procedures.!?

Separation and determination of fatty acids

The lipid fractions were saponified by refluxing with ethanolic potash for 3 h. and the
non-saponified material was then removed by ether extraction. The fatty acids were then
converted to methyl esters by refluxing with 19, sulphuric acid in methanol'? and these were
analysed by gas-liquid chromatography in a Pye Argon Chromatograph. To identify the
methyl esters, Ry values were determined on 4 ft. X 4 mm. i.d. columns of two types, (a) 20%,
Apiezon M on Celite 545 (48-85 mesh) held at 200° and (b) 209, succinic acid/diethylene glycol
on Celite 545 (48-85 mesh) held at 150°.17 The proportions of each component were determined
by measurement of peak areas.

Results
Variations with feeding in the amounts of lipid in rumen liquor

The experiments described in the previous paper!! showed a regular pattern of changes
in the levels of ammonia and volatile fatty acids in the rumen following stall-feeding on fresh
pasture. Increases in the lipid content also occurred soon after feeding commenced (Table I)
in both the total rumen liquor and in the supernatant fraction. The lipid of the total rumen
liquor would have included lipid from bacteria, protozoa, partly digested plant material and the
rumen fluid. The rumen fluid did make some contribution to this increase but, soon after the
commencement of feeding, it is assumed that partly digested plant material would have been
a major contributor. The lipid levels returned to approximately the pre-feeding levels in 6 h.
even when linseed oil was infused into the rumen. A large proportion of this linseed oil probably
adhered to the solid ingesta, since, in later i»n vitro experiments in which 4 g. of linseed oil were
added to 100 ml. of rumen liquor, it was found that approximately 809, of the oil became adhered
to the solid material.

The proportions of free fatty acids in the total lipid of the supernatant varied considerably.
High values (>359%,) were obtained on two days and on one day very much lower values (8-289%,)
were obtained. In general, the free fatty acid levels increased in the period of feeding and a high
level of lipase activity in the rumen was evident.

J. Sci. Fd Agric., 1964, Vol. 15, May
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Table 1

Lipid levels in rumen liquors obtained from twin cows fed on fresh pasture with and without
the addition of linseed o1l

(Lipid as mg./100 ml. of rumen liquor)

Sample time after ~31.7.61 29.8.61 30.8.61* 12.9.61%
commencement of Total  Super- Total ~ Super- Total Super- Total Super-
feeding, h. liquor natant} liquor natant liquor natant} liquor natant}
Cow A
o 72 11 (61) 71 11 50 20 (8) 173 38 (74)
2 108 19 (75) 132 23 464 148 (22) 216 42 (69)
4'5 83 5 (40) 132 31 151 14 (27) 261 42 (71)
65 55 7 (69) 100 18 — 10 (10) 103 34 (71)
Cowa
o 68 7 (45) 66 14 34 12 (14) 165 30 (41)
2 126 14 (57) 122 55 192 16 (28) 684 138 (69)
45 53 16 (35) 96 14 135 19 (14) 104 48 (75)
65 47 4 (50) 52 10 = 13 (10) 104 42 (86)
* 500 g. of linseed oil added to the rumen of Cow A after taking the first sample (o h.)
t 500 g. of linseed oil added to the rumen of Cow a after taking the first sample (o h.)

1 9% free fatty acids in brackets

Fatty acid composition of rumen liguor

Palmitic, stearic, oleic, linoleic and linolenic acids were usually the major fatty acid con-
stituents of rumen liquor obtained from cows feeding on fresh pasture. Appreciable proportions
of myristic acid were found on one occasion (Table II) but otherwise 1-0-3-0%, was the more
usual proportion of this acid. In addition to myristic, palmitic and stearic acids the remaining
saturated fatty acids from C,, to C,, were present as minor constituents. Small proportions
(<35%) of C,5 and C,, branched-chain acids were also present in rumen liquor. In order to
simplify the comparisons of major constituents, values for the minor constituents have not been
presented in the tables. Fatty acids above C,, were not determined.

The proportions of the major fatty acid components after an overnight fast varied consider-
ably (Tables II and III). Stearic acid was quantitatively the most important fatty acid,
followed by palmitic and oleic acids. The unsaturated fatty acids did not make a large contri-
bution to the total fatty acids present and again appreciable fluctuations in the proportions of
these acids occurred.

Despite the considerable variability in the relative proportions of the major components,
a distinct pattern of changes in composition was apparent with increased time after the feeding
of fresh grass and clover. These changes were consistent with the known hydrogenation re-
actions in the rumen, and, after a rise in the proportions of the unsaturated fatty acids after
feeding, there was a progressive shift from linoleic to oleic. The data obtained from cow a
(Table IIT) showed that there may be some delay in release of plant lipid as there were consider-
able increases in the proportions of palmitic acid 6-5 h. after the commencement of feeding.

Four and a half and six hours after the infusion of linseed oil into the rumen there was
a very rapid decrease in the proportions of linolenic acid, accompanied by increases in the pro-
portions of linoleic, oleic, and stearic acids as a result of ¢z vivo hydrogenation. A decrease in
the amount of lipid present in the rumen liquors accompanied these changes (Table I).

Table II

Changes in the fatty acid composition of total rumen liquor after feeding fresh pasture
(54 1b. to Cow A—31.7.61)

Sampling time Fatty acids (moles-%,)
after Cu Cie Cis Cia'~ Cie®~ Cis®~

commencement

of feeding, h.
o 92 27°4 41-6 216 I¢l5 —_
2 231 163 247 207 78 73
4'5 6-0 167 492 210 6-4 o8
65 = 391 305 156 10-9 39
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Table III

Comparison of changes in the fatly acid composition of total rumen liqguor from twin cows

[Cow A fed on fresh pasture (55 1b.) and linseed oil (500 g.) added to the rumen. Cow a fed on fresh
pasture (8o 1b.) 30.8.61]

Fatty acids (moles-9%,)

Cie Cis Cre'= Cie®= Cis®™
Composition of linseed oil 61 2:9 16+7 17:6 567
Sampling time after
commencement of
feeding, h.

Cow A (linseed oil added)
o 238 32'9 26°4 12-2 47
2 6-7 34 17-0 187 542
4'5 80 96 339 29-2 19-3
65 106 18:3 379 289 33

Cow a

o 230 545 61 123 41
2 17-0 572 138 4'5 75
45 18-1 447 19°1 8:6 9'5
6-5 31-2 452 172 6-2 0-2

Fatty acid composition of rumen supernatant

Only small amounts of lipid were released into the supernatant after feeding on fresh forage
alone (Table I). At the conclusion of the feeding period, i.e., at 2 h., increased proportions
of oleic acid were present and at 4-5 h. some linoleic acid also appeared (Table IV, cow a). In
addition appreciable proportions of myristic acid and some unidentified fatty acids of lower
molecular weight (C,,—C,,) were present.

Even a short time after the infusion of linseed oil, only about one-third of the total lipid
in the rumen liquor was in the supernatant fraction, and the degree of unsaturation of the
lipid in this fraction decreased rapidly, very little unsaturated fatty acid remaining at 6-5 h.
(Table IV, cow A).

Further examination of the lipids in the rumen supernatant 4:5 h. after infusion of linseed
oilinto the rumen, was carried out after fractionation into free fatty acid, triglyceride, diglyceride
and monoglyceride on silicic acid columns (Table V). Only 419, of the lipid eluted from these
columns was triglyceride and hydrolysis products of triglyceride. The remainder was green
and yellow pigment which was eluted with light petroleum, and phosphorus-containing lipid
mixed with green pigment which was eluted with methanol. Compared with the results of
a similar experiment given in Table IV, the lipids showed a greater overall hydrogenation at
45 h. The free fatty acid fraction was more saturated than the triglyceride fraction, while
the partially hydrolysed glycerides were of intermediate saturation. Despite being the least

Table IV

Comparison of changes in the fatly acid composition of the major constiluents of the
supernatant obtained from rumen liguor

(Samples corresponding to those in Table III for total rumen liquor)

Sampling time after Fatty acids (moles-%,)
commencement of Cre Cisiro Cis Cis Cis™=  Crauo C (O Cigl= Cu®= G-
feeding, h.

Cow A (linseed oil added)
o 272 22 16 355 — 0°5 1-6 51:6 32 1-6 tr.
2 ik — — 14'0 — — — 120 220 16-0 360
4'5 2:9 =z 19 23°3 = = = 169 123 398 29
65 64 3-8 5°1 359 — — — 46-2 tr. tr. tr.

Cow a

o 73 52 31 469 — = — 37°5 = == =
2 14-8 2-9 34 41-2 10 10 15 31°3 2-9 — -
45 53 44 2:2 38-7 252 09 1-8 26+7 138 40 —_
65 94 47 40 437 tr. — 13 27°5 94 tr. —
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Table V

Fatty acid composition of triglycerides and the hydvolysis products of triglycerides in the supernatant of ruumen
contents four and half hours after infusion of linseed oil

(total lipid = 106 mg./100 ml. of supernatant rumen fiuid)

Lipid fraction Amount, B Fatty acids (moles-%) - 7

wt.-% Cye Cie'= Cis Cist= Cis’= Cie®=

Triglyceride 242 37'3 2:6 205 18-2 150 64
Diglyceride 133 291 2°5 304 240 140 tr.
Monoglyceride 273 287 34 31-6 16-1 19°1 10
Fatty acid 352 291 21 490 146 4'9 2:3

saturated of the four lipid components examined, the composition of the triglycerides was very
different from that of the linseed oil infused into the rumen (Table III), the most abundant
fatty acids being palmitic and stearic acids with oleic, linoleic and linolenic acids in decreasing
order of abundance.

Qualitative separation of lipid by thin-layer chromatography

The presence of various lipids and hydrolysis products in the rumen supernatant obtained
from cows on a grass and clover diet, with and without added linseed oil, was demonstrated
by chromatographing lipid extracts on thin layers of silicic acid and spraying with 2’,7'-dichloro-
fluorescein. Fatty acids were found to be present before and after feeding grass and clover
and diglycerides only after feeding. Triglycerides could not be detected, but unidentified
fluorescent spots ran ahead of triglyceride, at or near the solvent front in light petroleum-—
diethyl ether-acetic acid (6o : 40 : 1 by vol.). Fluorescent material which remained at the origin
in this solvent was shown, by developing chromatograms with toluene-ethyl acetate-ethanol-
acetic acid (10:5:5: 01 by vol.), toinclude mono- and di-galactolipid. Slower-moving spots
also present were probably partial hydrolysis products of galactolipids.

Fluorescent compounds corresponding to triglycerides and diglycerides were found in the
rumen supernatant, in addition to fatty acids, after linseed oil had been added (Fig. 1). The
intensity of the diglyceride spots increased with time over the 6-5 h. sampling period. Mono-
glycerides could not be detected, but green pigmented material which ran at the same rate as
monoglyceride standard could have masked the monoglycerides if they were present.

Discussion

The wide variations in lipolytic activity of rumen fluids reported by other workers8: 9. 18
have been found to occur in the present in vivo experiments and may be similarly attributed
to variations in the microbial population and in the ability of the micro-organisms to metabolise
lipid. Reasonable agreement was obtained between pairs of animals at the one time, but,
despite a similar feeding regime, appreciable differences in the lipid levels and in the proportions
of non-esterified fattyacids occurred between experiments. This mayindicate that compositional
changes in pasture plants influence lipid metabolism as well as affecting protein and carbohydrate
metabolism.11

The rapid return of the lipid content of rumen liquor and rumen supernatant to pre-feeding
levels, even when emulsified linseed oil was introduced, was also observed by Hoflund et al.10
It is unlikely that passage of the emulsion from the rumen would occur so rapidly and % vitro
experiments showed that the rapid decrease in lipid levels in rumen liquor is probably due to the
occlusion of lipid on particulate material in the rumen.

The presence of mono- and di-glycerides in the rumen after the infusion of linseed oil was
of particular interest : Garton et al.® could not detect these intermediates of triglyceride hydro-
lysis after incubation of linseed oil with rumen liquor obtained from sheep being fed on hay and
concentrates. Furthermore, diglycerides were also detected in rumen liquor obtained from a
fistulated cow fed on fresh pasture alone ; this may indicate a difference in metabolism in the
rumen of animals fed on fresh pasture and on hay and concentrates. Since mono- and di-
galactolipids are the most abundant lipids in grasses and clovers,!® and «- and f-galactosidases

J. Sci. Fd Agric., 1964, Vol. 15, May
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Gal. L. (origin)

Se

D.G.

F.A,

1.G.

6 5 “ 3 2 t

Fi1G. 1.—Separation of neutral lipids from revmen liqguor by thin-layer chromatography on silicic acid

Fromright toleft : 1. pre-feeding sample; 2. sample 2 h. aftercom-
mencement of stall-feeding on mixed pasture and additicn of 500 g.
linseed oil; 3. oleic acid; 4. (in descending order) galactolipid,
monopalmmn,u,u -distearin, trimyristin; 5. 4 h. sample; 6. 6'5 h.
sample.

Developing solvent: light petroleum-diethyl ether-acetic acid
(60:40:1, v/v). Detection with 0-2% 2’,7’-dichlorofluorescein in
ethanol and photographed under ultra-violet illumination.

have been found in rumen micro-organisms,?® these lipids would seem to be the most likely
precursors of diglycerides. However, in more recent ¢n vitro experiments,?! diglycerides could
not be found among the hydrolysis products when galactolipids were incubated with rumen liquor.

In vitro experiments3: 8 have shown that linolenic acid, the most abundant fatty acid con-
stituent in pasture grasses and clovers,? is very rapidly hydrogenated by rumen micro-organisms.
Because changes are being followed in a dynamic system, i vivo experiments are less satisfactory
for following quantitative transformations between fatty acids. Nevertheless, the information
obtained here does show that, in cows on a diet of fresh grass and clover, there is rapid hydrogen-
ation in the rumen. Six and a half hours after the addition of 500 g. of emulsified linseed oil,
above-normal proportions of linoleic acid persisted in the rumen but the proportions of linolenic
acid had returned to about the pre-feeding level. Thus it can be readily appreciated why
variations in the nature and the amount of lipid in the normal diet of ruminants is not likely
to affect greatly the composition of the depot and milk fat. However if, as suggested by Shaw
et al. 2% dietary changes can markedly alter hydrogenation activity, variations in the composition
of pastures at different stages of growth could still be one of the factorsresponsible for the regular
seasonal changes in the proportions of unsaturated fatty acids, principally oleic acid, in the
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milk fats of grazing cows.2? Furthermore, in view of this rapid hydrogenation within the
rumen, the presence of 11-59, of linolenic acid in plasma lipids of pasture-fed heifers?* is
unexplained.

The present work has confirmed the finding of Garton et al.® that fatty acids released from
triglycerides by lipolysis undergo more extensive hydrogenation than triglyceride fatty acids.
Compared with the composition of linseed oil, however, the triglycerides extracted from rumen
liquor 45 h. after the addition of linseed oil, were much more saturated ; the proportions of
the unsaturated fatty acids in partially hydrolysed lipid were not greatly different to those of
the triglycerides. The presence of large proportions of palmitic acid lends support to the
suggestion® that this fatty acid might be derived from the C,q fatty acids of linseed oil. In-
creases in the proportions of palmitic acid during the post-feeding period were also observed
when cows were receiving a grass and clover diet only. However, Gray ef al.25 could find no
evidence for the synthesis of palmitic acid from short-chain fatty acids in rumen contents

although this is a well-established route to palmitic acid in other biological systems.26
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STUDIES ON RUMEN METABOLISM. IIL.*—Effect of Lipids
in vitro and in vivo on Microbial Activity

By J. A. ROBERTSON and J. C. HAWKE

The addition of lipids increased the formation of ammonia when strained rumen liquors
were incubated anaerobically at 39° with ryegrass juice extract high in protein, but decreased
the formation of ammonia when fibrous substrates low in protein were used instead of
ryegrass juice extract. The addition of lipid did not affect ammonia levels in the rumen
of cows on a hay diet. Lipid decreased the digestion of fibrous ryegrass constituents and
cotton thread by rumen micro-organisms # vitro and in vivo respectively. Decreased
formation of acetic acid and increased formation of propionic acid also occurred in the
presence of lipid. High rates of fermentation of the constituents of ryegrass juice were not
affected by lipid and were accompanied by rapid hydrogenation of the constituent un-
saturated fatty acids of the lipid itself.

Introduction

Earlier work! 2showed that the infusion of lipid into the rumen brought about a decrease
in total concentrations of volatile fatty acids (acetic, propionic and butyric acids) but had a
variable effect on NHj concentrations in the rumen although an accompanying decrease in
intake made interpretation difficult. Theseobservations, and the depressing effect of lipid on
the digestibility of cellulose, protein and nitrogen-free extract found by other workers,3-3
suggest that lipids bring about a general decrease in the metabolic activity of the rumen micro-
organisms.

The effect of lipids on metabolic activity was investigated further by the ¢»n vitro incubation
of rumen liquors with varying amounts of linseed or whale oil in the presence of soluble or fibrous
ryegrass constituents and measuring gas production, hydrogenation activity and the formation
of the volatile acids and ammonia. These two ryegrass fractions were chosen to permit the
separation of the effect of lipid on the readily fermentable constituents including soluble sugars
and on the more slowly fermented fibrous material such as cellulose. Furthermore the ixn vitro
technique obviated difficulties in interpretation due to absorption and intake fluctuations.

The results of the ¢n vitro experiments with cellulose substrates suggested further in vivo
experiments on the influence of lipid on the relationship between metabolic activity and cellulose
digestion.

Experimental
Materials

Non-lactating fistulated cows, which were fed indoors and fasted overnight before samples
were taken, provided the source of rumen liquor. Rumen samples were strained through muslin
and the liquor held in a vacuum flask (previously warmed to about 40°) during the setting up
of the manometric apparatus.

Rumen liquors were obtained from cows fed on fresh grass when soluble ryegrass con-
stituents were used in the incubation experiments, whereas the cows were on a hay diet in the
experiments with ryegrass fibre and for the ¢»n vivo investigation of cellulose digestion. These
feeding regimes were chosen following the suggestion of Boda & Johns® that selection of diet
is necessaryin order to decrease adaptation effectswhen investigating separately the fermentation
of soluble and fibrous dietary constituents.

Plant juices and fibre were prepared by passing freshly-cut perennial ryegrass through a
Bentall ‘ Protess ’ extraction plant. The juices, which contained 9-8%, of dry matter, were
frozen in 600-ml. batches and the fibre was washed in running tap-water for 3 h. before it was
freeze-dried. Both fractions were held at —25° until required.

Raw linseed oil and whale oil emulsions in water (50 : 50, w/v) were used as substrates
along with plant juices or plant fibre.

* Part II: J. Sci. Fd Agric., 1964, 15, 283
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Measurement of fermentation rates

Incubations of rumen fluids were carried out at 39 4 0°5° in bottles of 1 pint capacity
which were connected through rubber stoppers to manometers (260 ml) and to a valve to
permit the addition of oil emulsion and plant juices and the acidification of the contents.®
To ensure release of CO, in the form of bicarbonate, gas volumes were measured after acidification
with 4 ml. of ronN-sulphuric acid at the end of the incubation period.

Incubation of rumen fluids with lipid and grass juice

Eight bottles were used in each experiment and were placed on shaker racks in the water-
bath at 39°. Rumen fluid (100 ml.) obtained from a cow feeding on freshly-cut grass was added
to each bottle and the bottles were gassed for 1 min. with a mixture of 95% N,/5% CO,. Rye-
grass juice (2o ml.) was added to six bottles and water (20 ml.) to the remaining two bottles
which acted as blanks. The appropriate volume of oil/water emulsion (2, 4 or 8 ml.) was added
to three of the six bottles containing ryegrass juice and an equal volume of water added to
each of the two blanks and to the remaining three bottles which contained ryegrass juice. The
bottles were then shaken momentarily by hand to ensure adequate mixing and the manometers
adjusted to zero.

One of the blanks was acidified at zero time and the other at 3 h. The difference in mano-
meter readings between the two blanks measured the gas produced by fermentation of material
present in the rumen liquor. Of the remaining bottles one with added oil and one without
added oil were incubated at 1, 2 and 3 h. respectively. Any difference in these pairs measured
the effect of added oil on the metabolic activity of the rumen micro-organisms.

Incubation of rumen fluids with lipid and grass fibre

The effect of lipid on the fermentation of plant fibre by rumen fluids was determined in
a similar manner to that described above. Because the amounts of volatile fatty acids formed
were likely to depress the pH of rumen liquor, a bicarbonate/phosphate buffer (pH 7-0) which
was similar in composition to saliva? was used. One g. of washed ryegrass fibre, 100 ml. of
rumen fluid, obtained from a cow on a hay diet, and 30 ml. of buffer were incubated with or
without 4 ml. of linseed oil emulsion for 12, 24 and 48 h.

In vivo cellulose digestion

Non-lactating twin Jersey cows (Nos. 13 and 14) with rumen fistulae which were being
stall-fed twice daily on ryegrass hay (at 9.30 a.m. and 3.30 p.m.) were used to measure the effect
of lipid on cellulose digestion in the rumen. After an overnight fast and before the morming
feeding period, twelve weighed strands of white cotton thread (Clark’s No. 40) were suspended
in the rumen of each cow,? six in the dorsal region and six in the ventral region. Two strands
were removed from each region of the rumen after 10, 24 and 36 h., washed in water and alcohol
and the dry weight determined.

During the first 2 days of each experiment the digestion of cotton thread was measured
in both cows without added lipid. Another set of threads was then suspended in the rumen
of each cow, and 500 g. of linseed oil perfused into the rumen of one cow on two consecutive days.

Analytical methods

Ammonia, total volatile fatty acids, proportions of individual volatile and non-volatile
fatty acids in rumen liquor, and soluble sugars in the grass extracts were determined as
described previously.l: 2 A measure of the effect of lipid on fibre digestion in 48 h. under
tn vitro conditions was obtained by determining the residual crude fibre before and after fermen-
tation.? Total nitrogen was determined by the Kjeldahl method.®

Results and discussion

Effect of lipid on the fermentation of soluble ryegrass constituents

The addition of ryegrass juice to rumen liquor considerably increased the amount of fer-
mentation products (Table I). It is likely that the soluble sugars present in the ryegrass juice
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892 ROBERTSON & HAWKE—RUMEN METABOLISM. 111

(34 mg./ml. extract) were primarily responsible for the increases in the production of gas and
volatile acids over the 3-h. incubation period. Similarly, the ryegrass juice which was high in
crude protein (17-7 mg./ml.) produced approximately twofold increases in NH; concentration.

Despite standardisation of the feeding regime and of the sampling time, the rumen liquors
before incubation contained between 4-0 and 67 mg. of ammonia/100 ml. of rumen liquor
and 38:9-68-6 mmoles of volatile acids/l. of rumen liquor (Table I). Similarly, differences in
the concentrations of ammonia and of total volatile acids were found on several occasions after
incubation of rumen liquor with ryegrass extract. This would appear to be due to day-to-day
variations in either the total number of organisms or in the relative proportions of different
microbial species.10

Incubation of 1 and 2 g. of linseed or whale oil with liquor supplemented with ryegrass
juice resulted in slight reductions in fermentation as measured by gas production compared
with incubations without lipid (Table I). When 4 g. of either lipid was added, the amount
of gas produced increased slightly. Thus the fermentation of soluble ryegrass constituents by
rumen micro-organisms ¢»n vifro appeared to be little affected by lipid. Concentrations of
ammonia in the rumen liquors incubated with lipid were generally higher than those for the
controls. Increasing the amount of lipid from 1 to 4 g. did not appear to accentuate this effect.

The increases in ammonia concentration, although small, lend support to the findings of
earlier #n vivo work in which linseed oil produced irregular increases.!

After 1 h., the concentrations of total volatile fatty acids in the presence of lipid were
from 0-8 to 10-2%, higher than those for the controls although after 3 h. no differences were
apparent. The effect of either linseed or whale oil on acetic acid and butryic acid concentrations
was small and variable (Table II), but concentrations of propionic acid were from 2-2 to 9-49%,
higher when lipid was added. In the short incubation times used it is unlikely that glycerol,
produced on hydrolysis of lipid, would make a significant contribution tothe increase in propionic
acid.

The addition of 2 g. of lipid to 100 ml. of rumen liquor and 20 ml. of ryegrass juice gave
a lipid concentration comparable to the addition of about goo g of lipid to a rumen with a fluid
volume of 55 1.1 Consequently, the absence of any marked differences in gas production, am-
monia or total volatile acid concentrations in these short-term incubations suggests that the
variations found previously when lipids were added to the rumen were not due to a decreased
activity of the rumen micro-organisms in the fermentation of soluble constituents present in
ryegrass juices.

Hydrogenation of linseed oil by rumen liquor

During the short-term incubation periods used it was found that the activity of the rumen
micro-organisms changed the proportions of the fatty acids originally present in linseed oil

Table I

The formation of gas, NH,, and total VFA from yumen liquors incubated with linseed oil or whale oil in the
presence of ryegrass juice

Xntg:ubatli]on Linseed oil added ‘Whale oil added
A = — 28 — — 48 — — 18 — — 28 — — 48
Be Cv Ec B C E B C E B C E B C E B (& E

Gas production, ml.

o 75 75 75 165 165 165 156 156 156 103 103 103 135 135 I35 168 168 168

I 128 130 229 224 220 — 157 161 201 200 210 212

2 164 159 261 256 253 254 183 182 224 223 223 223 228

3 90 194 192 184 227 286 167 272 278 116 215 215 153 248 246 178 252 —_

NH,, mg./100 ml.

[ 40 40 40 665 665 665 645 645 645 58 58 58 60 60 60 59 59 59

1 103 10°5 137 1335 1227 — 127 132 13T 14'9 1000 106

2 I14'0 14'9Q 17°8 181 16:6 161 157 1585 16°s 162 -y 11°7

3 76 158 162 98 20°1 19'75 82 17'3 187 87 177 186 86 180 187 72 137 138

Volatile fatty acids, mmole,1.

° 686 686 686 413 413 43 47 417 417 S04 504 504 498 498 498 389 389 36

= 90'5 930 631 63-6 630 - 700 71'4 717 729 3699 ’;xg

2 105'5 1044 76-8 783 76'9 770 819 804 822 815 631 651

3 745 11500 41 551 841 832 463 Br8 866 534 B899 928 553 920 909 427 725 730
B = blank, rumen liquor only ; ® C = control, rumen liquor and ryegrass juice; ¢ E = experimental, rumen liquor, ryegrass juice and lipid
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Table II

Concentrations of acetic, propionic and butyric acids (mmole/l.) formed on incubation of yumen liquor with linseed
oil or whale oil

Linseed oil added

— S 18 — — zg — — 4 8.
Bs Ce Ec B C E B C E
(0h) (3h) (3h) (cbh) (3h) (3h) (obh) (3h) (3h)
Acetic 51'4 796 TR 306 617 617 311 60-0 61-2
Propionic I1°2 235 251 59 14-8 152 6-0 149 16:3
Butyric ) 60 10°1 119 48 76 63 46 6-9 7°1
‘Whale oil added
— — 18 — — 2 g. — — —
Acetic 363 62-5 664 37°1 64°1 621
Propionic 73 18-2 191 6-8 180 184
Butyric 68 77 7'3 59 99 10°4

¢ B = blank, rumen liquor; ® C = control, rumen liquor and ryegrass juice ;
¢ E = Experimental, rumen liquor and ryegrass juice + lipid

(Table III). Reductions of 11 and 59%, in linolenic acid occurred in the supernatant and solid
fractions of the rumen fluids, respectively, between 1 and 3 h. after the addition of linseed oil.
The increases in the proportions of the dienoic and monoenoic acids indicate that the more
unsaturated acids were preferentially hydrogenated. Incubations for 24 h. of linseed oil and
rumen liquor carried out by Garton ef al.1! resulted in a much greater degree of hydrogenation,
the proportion of C,g-trienoic acid decreasing from 54'5 to 519, of the total fatty acids.
Hydrogenation appears to be more rapid ¢n vivo, because very little C,g-trienoic acid remained
6-5 h. after infusion of linseed oil.2

Separation of the rumen liquor into a supernatant liquid and a residue showed that about
four-fifths of the added lipid became occluded on the small particles present in the strained
rumenliquor. Itseems that a similar occlusion of oil to particulate material occurs in the rumen.2

Before the addition of lipid, rather more palmitic acid and less stearic and linolenic acids
were found in the residue than in the supernatant liquid. However, after the addition of linseed
oil the differences in the proportions of the major fatty acid components in these two fractions
were small and largely within experimental error. The residual fractions, probably representa-
tive of the composition of the micro-organisms present, contained higher proportions of the

Table III

Amounts and composition of lipid in fractions of rumen liquor before and after incubation of strained rumen
contents with linseed oil

Rumen contents (100 ml) with and without 4 ml. of linseed oil*

Fatty Supernatant liquid - Residue
acid Rumen Time of incubation, h. Rumen Time of incubation, h.
contents 2 3 contents I 2 3
alone (0706 g.) (06558) (0711 g.) alone (2718 g) (2'7198) (2343 8.)
(0072 8.) (0-076 g.)

Cll 2°1 1'3
Cub' 07 10

13 13 04
Clal-mbr 04 17

2'9 tr tr o8 -8 o tr .
e o8 18 t =
Cis 06 54
Cyel™ 02 o-8 2'5
Cie 248 9-8 92 92 303 87 8:6 89
Cyitr 06 27
Cra @ 10 27
C,s*= 130 474 458 42'3 56 490 488 466
Cye? 59 144 13:9 16°1 58 148 146 161
C,a™ 11'8 226 248 246 11-3 21°5 23-3 22-2
Cis 337 58 63 6-2 167 5'6 57 65
* Fatty acid composition of linseed oil (moles-%) : C,5 6:1; Cy43= 567; C,49= 17°6; Cy4!= 16:7; C,q 2-9
br = branched tr = trace
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894 ROBERTSON &"HAWKE—RUMEN METABOLISM. III

branched chain and odd carbon fatty acids. In order to facilitate comparisons of the major
fatty acid components, the amounts of these acids which were present only in traces in the
samples incubated with linseed oil are not recorded in Table III.

Effect of lipid on the fermentation of grass fibre

Over a 48-h. period, gas production from 100 ml. of rumen liquor in the presence of 1 g.
of ryegrass fibre was 2 to 3 times greater than endogenous fermentation. Ryegrass fibre pro-
duced very much slower rates of fermentation than ryegrass juice when incubated with rumen
liquor (Tables I and IV).

Table IV

Formation of gas, ammonia and total volatile fatty acids from rumen liquor incubated with linseed oil
in the presence of ryegrass fibve

Incubation Experiment (i) Experiment (ii)
time, h. Be Co Ee B el E
Gas production, ml.
o 124 124 124 104 104 104
12 — 191 205 —_ 166 179
24 — 252 261 — 228 236
48 186 294 272 165 287 252
Ammonia, mg./100 ml.
o 57 57 5'7 46 46 46
12 - 154 149 e 11°5 137
24 — 20°5 2005 - 220 240
48 237 340 270 28-2 37°6 28-9
Total volatile fatty acids, mmole/l.
o 560 56-0 560 66-2 66-2 66-2
12 — 806 86-5 — 921 949
24 — 1015 104-8 — 111-6 114°4
48 74°5 115-8 1154 87:3 1283 1250

* B = blank, rumen liquor; ?C = control, rumen liquor + fibre ;
¢ E = experimental, rumen liquor + fibre + 2 g. of lipid

Gas production was slightly higher in the presence of 2 g. of linseed oil at 12 and 24 h.
but was lower at 48 h. In two experiments, the respective weights of residual crude fibre
after 48 h. incubations with lipid were 21:3 and 7-29, of the initial weight of crude fibre added
compared with 16-9 and 1-69%, without lipid respectively. Linseed oil slightly depressed am-
monia production (Table IV). This effect is opposite to that found in the presence of soluble
constituents (Table I).

Consistent with the differences in residual crude fibre, added lipid slightly depressed the
levels of total volatile fatty acids produced over 48 h. (Table IV) although the formation of
volatile acids was faster and produced slightly higher levels at 12 and 24 h. However, the concen-
trations of acetic and propionic acids at 48 h. were markedly affected (Table V) with decreases
in acetic acid (10-12 mmoles/l.) being approximately balanced by increases in propionic acid
(8-11 mmoles/l.). The concentrations of butyric acid were little affected.

The longer incubation periods used in these experiments probably allowed sufficient time
for a substantial amount of hydrolysis of the linseed oil. Complete hydrolysis of 2 g. of lipid
and a quantitative conversion of the glycerol moiety to propionic acid would account for an in-
crease in the concentration of propionic acid of slightly less than 0-30 mmole/l. The observed
increases (85 and 11-3 mmoles/l.) far exceeded that theoretical value and must therefore have
been due to an effect of lipid on carbohydrate digestion.

Effect of lipid on in vivo cellulose digestion

The intakes of the twin cows in the first experiment were very similar both before and
on the first day of the addition of lipid, but it was apparent that 500 g. of emulsified linseed
oil added to the rumen depressed the intake of hay on the second day of infusion (Table VI).
The second experiment, which commenced 4 days after the conclusion of the first, was less
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Table V

Concentrations of acetic, propionic and butyric acids (mmoles/l.) formed on incubation of rumen liguor with 2 g.
of linseed oil in the presence of ryegrass fibve

Experiment (i)

B4 Be Cce Ee

Time of incubation, h. o 48 48 48
Acetic 40°5 51-8 809 707
Propionic 92 130 200 31°3
Butyric 6-3 9-8 148 13-4

Experiment (ii)

Time of incubation, h. o 48 48 48
Acetic 49-2 642 929 804
Propionic 9'7 126 200 285
Butyric 73 106 154 16°1

¢ B = blank, rumen liquor; ?® C = control, rumen liquor -+ ryegrass fibre ;
¢ E = experimental, rumen liquor and ryegrass fibre 4 linseed oil

satisfactory because of a carry-over effect of lipid. As a result, the intake of the control animal
(cow 13) was well below that of cow 14 when the second trial began. However, the effect of
lipid may be assessed in part (ii) from the reduction in the dry-matter intake of cow 14 from
12'1 lb. on the first day of lipid addition to g-2 lb. on the second day.

Added lipid depressed the digestion of cotton threads suspended in the rumen (Table VII).
Part (i) shows this to better effect because of the carry-over effect of lipid from part (i). Judged
by the loss of weight of the cotton thread, cellulytic activity was greater in the ventral than in
the dorsal rumen. This is in agreement with observations made by other workers.!2-14 The
residual weights of cotton threads were greater at 24 h. in the presence than in the absence
of lipid, and at 36 h. the threads had remained as whole threads in 3 of the 4 determinations
when lipid was added, but had disintegrated in the absence of lipid.

The pre-feeding concentration of ammonia in the rumen varied between 2-6 and 51 mg. /100
ml. ; peak levels recorded 2 h. after feeding began varied between 4-9 and 14-9 mg./100 ml.
with common values between g and 12 mg./100 ml. Four h. after feeding began, the ammonia
levels had returned to approximately the pre-feeding concentrations. These concentrations were
low compared with those in samples taken at corresponding times from cows fed fresh forage
high in crude protein (18-2-28-79%, of dry matter).! No consistent differences in the concentra-
tions of ammonia were apparent when lipid was added to the rumen of cows fed hay containing
7-5% of crude protein. Since somewhat irregular increases in ammonia concentrations were
found in the rumen of cows fed on a high-protein diet, it is possible that under these latter con-
ditions lipid had an effect on either formation or utilisation of ammonia which is not apparent
when low-protein diets are fed.

As with ammonia, concentrations of volatile fatty acids in the rumen of cows fed on hay
were much lower than on a diet of fresh fodder.! The pre-feeding levels were in the range

Table VI
Intake of ryegrass hay (Ib. of dry matler) by stall-fed twin cows with and without added linseed oil

Part (i)

Date Lipid added Mormning Afternoon Total
Cow 13 Cow 14 Cow 13 Cow 14 Cow 13 Cow 14

17.9.63 o 42 43 51 48 93 91
18.9.63 — 52 56 49 51 10°1 107
19.9.63 Linseed oil, 500 g. 4:9* 50 54 49 10°3 99
20.9.63 " T 47 12 23 52 70

Part (ii)
24.9.63 — 36 72 2-3 62 59 13-4
25.9.63 e 55 73 42 54 97 12°7
26.9.63 Linseed oil, 500 g. 48 578 5-8 6-4 10°6 12°1
27.9.63 ” W 61 46 43 46 10°4 -2

* Cow received lipid
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Table VII

Digestion of cotton thread (% of original wt. which remained undigested) in the rumen of cows fed on ryegrass
hay with ov without the addition of linseed oil

Part (i)
Date Location of Time in rumen, h. Location of Time in rumen, h.
threadsin "o 24 36 threads in "o 24 36
rumen rumen
17.9.63 Cow 13 Dorsal 97'4 784 — Cow 14 Dorsal 965 694 —
to (no oil) 96-8 786 — (no oil) 964 699 —
18.9.63
Ventral 97'1 763 — Ventral 977 578 —
97'3 744 — 988 592 —
19.9.63 Cow 13 Dorsal 984 873 628 Cow 14 Dorsal 977 732 @ —
to (linseed oil, 981 855 591 (no oil) 973 731 -
20.9.63 500 g.)
Ventral 1000 712 478 Ventral 97:3 560 —
99'T  73'3 448 983 517 —
Part (ii)
24.9.63 Cow 13 Dorsal 977 903 796 Cow 14 Dorsal 101°4 763 —
to (no oil) 981 906 761 (no oil) 99'9 698 —
25.9.63
Ventral 1017 853 557 Ventral 103°2  54°2 —_
980 797 466 952 538 —
26.9.63 Cow 13 Dorsal 99'6 786 564 Cow 14 Dorsal 97'5 84’5 537
to (no oil) 980 801 553 (linseed oil, 966 851 551
27.9.83 5008.)
Ventral 965 645 — Ventral 97'1 719 —
97'3 657 — 970 723 —

51-86 mmoles/l., increasing to peak levels of 81-109 mmoles/l. at 2 h. after feeding began.
Maximum concentrations of total volatile acids over the period of sampling (2—6 h.) appeared
to be slightly depressed by the addition of lipid, although the higher initial and final values
obtained on the days after the addition of lipid may indicate that the fermentation was more
prolonged. The only noticeable difference in the concentrations of the individual volatile fatty
acids after the infusion of lipid into the rumen was the increase in propionic acid, particularly
on the second day of infusion. Before the addition of lipid, the concentration of propionic
acid in samples taken before feeding and 6 h. after feeding was generally between 10 and 13
mmoles/l. of rumen liquor. The levels increased to 17 and 22 and to 16 and 19 mmoles/l. on
the second day of infusion for cows 13 and 14 respectively.

The results of the present #n vitro experiments with linseed oil and ryegrass juice extracts
high in protein-N (20 ml. = 350 mg. of crude protein) are consistent with the results of earlier
work from this laboratory which showed that the addition of linseed oil to cows feeding on
pastures high in protein-N increased the ammonia concentrations in the rumen. However,
linseed oil produced the opposite effect when juice extracts were replaced by ryegrass fibre
(1 g. = 200 mg. of crude protein). This relationship found ¢» vitro between the level of substrate
protein and the effect of lipids on ammonia concentration is similar to that reported by Chalmers?3
and Jayasinghe,'® who found that, when nitrogen levels in the feed were 39, of the dry matter,
the addition of lipid resulted in a depression in the concentration of ammonia in the rumen,
whereas at nitrogen levels of 4-5%, the added lipid resulted in an increased concentration of
ammonia. Despite the agreement between our in vitro experiments and the in vivo work of
others, the present ¢# vivo experiments with ryegrass hay containing 129, of protein-N (with
and without lipid) did not show any consistent differences in the concentrations of ammonia.

That the utilisation of soluble plant constituents is little affected by lipid is confirmed by
the ¢n vitro experiments with plant juice extracts in which only very slight differences in the
concentration of volatile fatty acids and in the volume of fermentation gases were observed
in the presence and absence of lipid. On the other hand, in vitro and ¢n vivo investigations
with ryegrass fibre and cotton thread respectively showed that lipid (167 g./1. ¢n vitro and 10-9
g./1. in vivo) depressed digestion of fibrous carbohydrates. I vitro, this effect was accompanied
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by a decrease in the level of acetic acid which is normally the predominant acid formed by
the fermentation in the rumen of feeds highin cellulose. From this and earlier work3-3 it appears
that reductions in the digestion of cellulose by rumen micro-organisms can be brought about
by lipid under a variety of dietary conditions. Increased formation of propionate in the presence
of lipid also appears to be related to the digestion of the fibrous rather than the soluble consti-

tuents of pasture species.
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STUDIES ON RUMEN METABOLISM. 1V.*—Effect of carbohydrate
on ammonia levels in the rumen of pasture-fed cows and in rumen
liquors incubated with ryegrass extracts

By J. A. ROBERTSON and J. C. HAWKE

Paired feeding of rumen-fistulated cows showed that 7 4-14- 8%, increases in nitrogenous
constituents in pasture led to higher maximum concentrations of ammonia in the rumen
2—4 h. and higher minimum values 6 h. after feeding. Infusion of soo g. of starch into the
rumen was not always effective in lowering ammonia content to the control levels when
additional nitrogen, equivalent to about 130-160 g. of protein each feeding period, was
included as a pasture constituent. In general, goo g. of starch in similar conditions led to
ammonia levels of the same order as recorded in the controls. Infusion of starch did not
increase VIF'A concentrations.

Incubation of rumen liquor with ryegrass extract gave rapid production of ammonia.
This could be largely prevented by the addition of galactose, sucrose, lactose and glucose.
The results suggest that one of the factors that can limit the utilisation of pasture protein
is likely to be the amount of soluble sugarsand otherreadily hydrolysed carbohydrate avail-
able in the pasture.

Introduction

Because the type and the relative amounts of dietary protein and carbohydrate regulate
tlie ammonia concentration and presumably the extent of microbial synthesis in the rumen,!
the high concentrations of ammonia frequently found in the rumen of animals grazing on
pasture has led to speculation on the efficiency of utilisation of nitrogenous constituents of
pasture species.? The concentrations of sugars in grasses and clovers are influenced by factors
such as stage of growth and climate,®-> and accompanying fluctuations in the levels of protein
and other nitrogenous constituents result in considerable variation in the soluble carbohydrate/
protein ratio throughout a growing season, with low values in early spring and in late autumn
when growth is rapid.®

The significance of the variation in the protein level during a growing season is difficult
to ascertain in a seasonal study because of the introduction of uncontrollable factors. Further-
more, the influence of the physical and chemical properties of a protein on its rate of utilisation
makes supplementation of pasture protein with protein from another source an unreliable guide
to the effects of variations in the level of protein in pasture on rumen digestion. Paired feeding
experiments in which the protein intake was varied by growing fresh fodder with different
nitrogen levels, provided a method for simulating natural variations in pasture protein and
examining the effects of carbohydrate supplementation. Starch was infused into the rumen to
examine carbohydrate supplementation, because it had been found greatly to increase the rate
of disappearance of ammonia in the rumen of cows on hay and concentrate diets and to improve
the conversion of urea to protein.”

The role of soluble sugars in the conversion of ryegrass protein to bacterial protein was
followed ¢n vitro. Ryegrass extract served as an appropriate protein substrate.

Experimental

Treatment of antmals for in vivo experiments

Lactating twin Jersey cows (pair a, A) with rumen fistulas, which were being stall-fed
twice daily (9.30 a.m. and 4.00 p.m.) on freshly cut clover-ryegrass pasture, were used to
investigate the influence of readily fermentable carbohydrate on the utilisation of dietary
protein as measured by ammonia levels in the rumen. One-half of the available pasture had
previously been top-dressed with ammonium sulphate at the rate of 2oo lb./acre. After a
preliminary period of nine days, during which cow a was fed top-dressed pasture and cow A
normal pasture, 500 g. of commercial wheat starch was infused, as a 50 : 50 aqueous suspension,

* Part III: J. Sci. Fd Agric., 1964, 15, 890
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into the rumens of both animals during the morning (9.30-11.30 a.m.) and afternoon (4.00-
6.00 p.m.) periods for two consecutive days (Experiment i). Rumen samples were collected
immediately before the morning feeding period and 2, 4, 6, 8-5, 10'5, and 125 h. after feeding
on the day before infusion of the starch and on the 2 days of infusion.

After the second day of infusion, cow a was fed normal pasture and cow A fed top-dressed
pasture for a period of 14 days. Both animals then received goo g. of starch twice daily for
2 consecutive days, with infusion and sampling times as described above (Experiment ii).

Treatment of animals for the in vitro measurement of fermentation rates

A non-lactating Jersey cow with a rumen fistula, which was being stall-fed on freshly cut
red clover and fasted overnight before sampling, provided the source of rumen liquor. The
collection of rumen fluids, preparation of ryegrass juice extract, and the measurement of
fermentation rates at 39° were as described previously.8

Incubation of rumen liquor with carbokydrate

In the first series of experiments, the eight bottles of 1-pint capacity used as experimental
vessels were arranged as follows: two blanks containing rumen liquor (1oo ml.) and water
(20 ml); two or three controls containing rumen liquor (roo ml.), perennial ryegrass juice
(10 ml.) and water (1o ml.); three or four bottles containing rumen liquor (1oo ml.), perennial
ryegrass juice (1o ml.) and carbohydrate solution (10 ml) which contained either o-1 or o-2 g.
of carbohydrate. In order to determine gas formation, one of the blanks was acidified at zero
time and the remaining bottles after incubation for 3 h.

In the second series of experiments, four bottles were used as controls (rumen liquor,
100 ml.; ryegrass juice, 1o ml.; water, 10 ml.) and three with 10 ml. water replaced by 10 ml.
of a 109, solution of sugar. As the supply of x-D-galacturonic acid was limited, 10 ml. of
a 5%, solution were used. One of the controls was acidified at zero time and one control and
one containing sugar after incubation for o-5, 1-5 and 3 h.

Ammonia and VFA* concentrations were measured after acidification in all experiments.

Analytical methods

Moisture.—100 g. freshly cut herbage were chopped into 1-2z in. lengths and dried in a
forced-draught oven on aluminium trays at 100° for 16 h.

Crude protein.—Crude protein was determined as described previously.#?

Non-protein nitrogen.—s g. of dried material were boiled with 250 ml of 809, ethanol for
3 min. and filtered. The filtrate was evaporated to dryness on a water-bath and re-dissolved
in 10 ml. of water.® Total nitrogen was determined on a 5-ml. aliquot by the Kjeldahl method.!®

Ammonia and total VFA in the rumen liquors and total nitrogen and soluble sugars in
the grass juice extracts were determined as described previously.®

Separation and identification of soluble sugars in grass juice extract

An aliquot (approx. 100 ml.) of the grass juice extract was centrifuged at 40,000 g for
30 min. to remove suspended particulate material.? Soluble sugars in the supernatant were
then separated by chromatography on either Whatman No. 1 or No. 3 MM paper. The most
useful eluting solvent for the separation of glucose, galactose, mannose, arabinose, ribose and
fructose was ethyl acetate-acetic acid-water (3 :1 : 3, by vol). p-Anisidine hydrochloride
was used as the spray reagent for pentoses and hexoses!! and urea phosphate for ketoses.}2

Quantitative estimation of sugars

The concentrations of the various sugars in ryegrass juice extract were estimated after
purification by chromatography!? on Whatman No. 3 MM paper. A volume of 0-003-0-015 ml.
of supernatant prepared from ryegrass juice was applied to the paper as spots by an ‘ Agla’

* Acetic, propionic and butyric acids
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micrometer syringe, and the papers (46 in. X 18 in.) eluted for 32-70 h. with ethyl acetate-
acetic acid—water (3 : 1 : 3, by vol.). The papers were dried and, except for fructose deter-
minations, dipped in aniline hydrogen phosphate!4 and heated at 105° for 10 min., 50-100 ug. of
the sugars being estimated were used as standards throughout the procedure. Elution and
the determination of the sugars was by the method described by Richards.!?

For the determination of fructose, an additional marker strip containing the standard was
chromatographed. This strip was cut off, sprayed with urea phosphate solution and heated.
The areas on the main chromatogram corresponding to the position of fructose on the marker
strip were cut out and eluted in 6 ml. of water. Fructose was estimated in 2 ml. of the eluted
solution by the method of Bell,'® and total soluble sugar by the method of Bath.!?

Results
(1) In vivo experiments

Nitrogen levels in the feed and the level of intake

Total nitrogen in pasture top-dressed with ammonium sulphate at the rate of 200 Ib./acre
ranged from 3-18 to 3-729, of the dry matter and was 7-4-14-89%, higher than the levels in
untreated pasture obtained on corresponding days (Table I). Levels of non-protein N (NPN)
were also higher in top-dressed pasture, and consequently the relative proportions of the NPN
and the protein components in the two pastures were similar.

With the availability of pastures of different nitrogen levels, the two cows in paired feeding
experiments were maintained on appreciably different nitrogen intakes except on the fourth
day when cow a, feeding on pasture of lower nitrogen content, had an unusually high intake
(Table I).

Table I
Nitrogen intake of twin cows fed on pasture containing different levels of nitrogemous constituents
Pasture top-dressed with 200 1b. of (NH),SO,/acre Pasture without (NH,),SO,
N content of Total N intake, 1b. N content of Total N intake, 1b.
pasture, % of pasture, % of
dry matter dry matter
Date Animal  Total-N NPN  Morning Afternoon  Total Animal Total-N  NPN Morning Afternoon Total
31.10.62 Cowa 3°56 076 0°345 0-328 0673 Cow A 328 0-71 0266 0-289 0°554
1.11.62* Cow a 341 074 0°351 0:368 0°719 Cow A 316 069 0288 0-300 0-588
2.11.62*% Cowa 372 084 0°379 0372 0-751 Cow A 316 072 0°237 0-303 0'540
15.11.62 Cow A 3-18 074 0-308 0°347 0-655 Cowa 296 0-64 0°355 0°355 0-710
16.11.621 Cow A 3-25 0-79 0-361 0°397 0-758 Cow a 2-83 0°70 0286 0314 0-600
17.11.62% Cow A 3°33 075 0°326 0°290 0-616 Cowa 2°94 0°66 0'303 0-285 0-58K

* 500 g. of an aqueous suspension of starch infused into rumens of both animals during morning and afternoon feeding periods
t 9oo g. of an aqueous suspension of starch infused into rumens of both animals during morning and afternoon feeding periods

Ammonzia concentrations in the rumen and the effect of addition of starch

Changes in the ammonia concentration in the rumen followed much the same pattern
throughout the 6 days of the experiment, with peak concentrations occurring 2—4 h. after the
commencement of each feeding period (Fig. 1). Concentrations of ammonia were appreciably
higher in the rumen when the cows were fed pasture with the higher nitrogen content. Without
starch, the average ammonia concentration 6 h. after the start of feeding on high-N pasture
was more than twice that for normal pasture (15-8 mg./100 ml. of rumen liquor compared with
6-9 mg./100 ml.).

The addition of 500 g. of starch twice daily had a variable effect on ammonia levels. On
the second day of addition, together with a diet of high-N pasture, the recorded maxima and
minima were similar to those for untreated pasture without starch. However, on the first
day, when additional nitrogen equivalent to about 130-160 g. of protein was present in the
high-N pasture given at each feeding period, this level of supplementation was insufficient to
bring about a lowering of ammonia content. Increasing the dose to goo g. of starch twice
daily brought about appreciable and consistent reductions in ammonia level; in general,
concentrations in the rumen of cows feeding on high-N pasture were of the same order as those
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F1c. 1.—Variations in rumen ammonia concentrations in twin cows fed on
freshly cut mixed pasture with and without the addition of starch

(a)

Cow a—fed top-dressed pasture

—~—— Cow A—fed untreated pasture
O 31/10{/62—no0 starch
[ 1/11/62—500 g. starch added to rumen during each feeding period
A 2/11/62—500 g. starch added to rumen during each feeding period

Cow a—fed untreated pasture

——— Cow A—fed top-dressed pasture
O 14/11/62—no starch
[ 15/11/62—900 g. of starch added to rumen during each feeding period
A 16/11/62—900 g. of starch added to rumen during each feeding period

(b)

for normal pasture feeding without starch. The very low minima recorded 6 h. after feeding
(< 5 mg./100 ml. on many occasions) was a further feature when starch was added.

VFEA concentrations in the rumen

The concentrations of VFA generally rose steadily throughout the day, reaching maximum
levels after the afternoon feeding period (Fig.2). Valuesranged from minima of 50—94 mmoles/l.
to maxima of 124-162 mmoles/l. and, in general, the cow with the higher intake had slightly
higher VFA levels. There was no apparent effect of either the nitrogen level in the feed or of
added starch.

(2) In vitro experiments

Soluble sugars and crude protein in ryegrass juice extract
The concentrations (mg./ml.) of six sugars found in the grass juice extract as measured by
quantitative paper chromatography were: galactose, 1-38; glucose, 4-00; mannose, I-55;
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F1G. 2.—Variations in VF A concentrations in the rumen of twin cows fed on

freshly cut mixed pasture with and without the addition of starch
(a) Cow a—fed top-dressed pasture
—— - Cow A—fed untreated pasture
O 31/10/62—nO0 starch
[J 1/11/62—>500 g. of starch added to rumen during each feeding period
A 2/11/62—500 g. of starch added to rumen during each feeding period

(b} Cow a—fed untreated pasture

——— Cow A—fed top-dressed pasture
O 14/11/62—no starch
[J 15/11/62—g00 g. of starch added to rumen during each feeding period
L. 16/11/62—Qq00 g. of starch added to rumen during each feeding period

fructose, 7-88; arabinose, 0-85; ribose, 0-29. Galacturonic acid was also identified. The total
concentration of the individual sugars determined by this method (15-95 mg./ml. extract) was
o7 mg./ml. higher than the value obtained for total soluble sugars by the method of Bath.l?
The ryegrass extract contained 4-4 mg. of crude protein/ml

Effect of addition of o-1 and o-2 g. soluble carbohydrate on metabolic activity in vitro

In the absence of added substrate, small changes occurred in gas production, ammonia
and VFA concentration after incubation of rumen liquors obtained from a cow fasted overnight
for 3 h. (Table II). The considerable variations (55-155 ml.) in the gas released on acidification
of collected rumen liquor was related to the initial level of VFA, and therefore to the pH—
high VFA concentrations giving low pH values and hence low bicarbonate concentration in
rumen liquor. Compared with values for the incubation of rumen liquor alone, the increases
brought about by the addition of 10 ml. of ryegrass juice extract to 100 ml. of rumen liquor
were as follows: gas formation, 33—76 ml.; ammonia concentration, 12-1-15-7 mg./I00o ml.;
VFA concentration, 18-1-32+9 m.moles/l.
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Table II

Gas, ammonia and VFA formation in rumen liquor (100 ml.) incubated with ryegrass juice alone (10 ml.)
or with ryegrass juice (10 ml.) and soluble carbohydrates for 3 h. at 39°

Ryegrass Juice and

Exp. Blank Ryegrass Glucose Sucrose L-Arabinose Fructose Galactose Xylose
no. juice
alone

o h. 3h. oI g. 0-2g. o'1g. o2 g. 0°'1g. o'z g. o2 g. o'z g. ozg
Gas production, ml.
1 155 176 209 222 —_ 220 —_— — — -_ — —
2 122 138 180 192 — 193 —_ 188 - - -— -
3 67 82 151 — 170 —_ 170 —_ 158 — — —
4 126 142 205 —_ 226 — 225, — - 225 - —_
5 55 77 153 = 175 — 168 — - —_ 173 167
NH;j concentration, mg./100 ml.
1 15-2 22 349 3357 — 340 —_ — —_ —_ —_ —_
2 21°0 275 40°1 380 — 38-4 — 40°3 —_— — —_—
3 18-6 22°5 38-2 — 346 — 346 — 378 — — —
4 16-3 217 364 —_ 317 =y 3279 e — gz2 — —
5 18:7 262 414 — 377 —_ 373 — — — 36°1 358
VFA, mmoles/L.
1 = > = = i ) = s = =5 s sz
: 56°s 53°5 764 856 = 843 = 84-4 5= = = =
3 76-1 76:0 94°1 — 110°2 - 110°7 — 1095 —_ —_— —_
4 527 534 79°5 — 85-8 — 857 - = 856 — =
5 811 792 I12-°I — I117°5 - 117-8 —_— —_ — 118-5 117-8

It is apparent from Table II that at the levels investigated, glucose, sucrose, fructose,
galactose and xylose produced very similar increases in the fermentation activity of the rumen
micro-organisms in terms of gas and VFA formation and ammonia utilisation. Increasing the
glucose or sucrose from o-I to o-2 g. produced an almost proportional increase in this activity.
Of the carbohydrates tested, L-arabinose was the least effective in increasing the utilisation of
ammonia-N but increased gas formation and VFA levels by about the same as the other sugars.

Comparison of rates of fermentation of soluble carbohydrates

Preliminary experiments showed that the effects of glucose on gas production, ammonia
and VFA concentrations increased as the levels of glucose were raised from o-1 to 1-0 g.
(Table III). Excepting for ammonia, these changes were approximately proportional to the
increases in the amount of glucose added. Consequently, it was decided to test a series of
carbohydrates at the 1-0 g. level since differences could then be expected to be more apparent
than at the lower levels used above. Practical difficulties permitted rate measurements to be
made using only one carbohydrate at a time: therefore direct comparisons of gas formation
and VFA and ammonia concentrations are not valid because of the variations in the initial
values for the different samples of rumen liquor.

A consistent feature of the incubation experiments was the high rate of gas, ammonia and
VFA formation in the first half hour of incubation (Table I'V). The increase in ammonia levels
in the controls during this period was usually between one-half and three-fourths of the total
increase over the 3-h. period, whereas increases in gas and VFA formation represented between
one-third and one-half and between one-quarter and one-half of the 3-h. increases respectively.
Although gas production and VFA formation in the controls increased at a slower rate between
30 min. and 3 h., the presence of certain sugars had the effect of sustaining the initial high rates.

Table III

Gas, ammonia and VFA formation in rumen liquor (100 ml.) incubated with vvegrass juice alone (10 ml.)
or with ryegrass juice (10 ml.) and glucose (o-1-1-0 g.) for 3 h. at 39°

Ryegrass juice

Blank alone Ryegrass juice and glucose
oh 3 h. o'1g. o-2g. 05 g. 1°0 8.
Gas production, ml. 91 124 196 208 211 237 278
Ammonia, mg./100 ml. 28-1 339 50-6 48-6 46'9 44-7 436
VFA, m.moles/l. 660 73-8 85-0 875 927 103-6 1115
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Table IV

Gas, ammonia and VFA formation in vitro with and without 1 g. of additional carbohydrate

Gas production, ml. Amimonia, mg./100 ml. VFA, mmoles/1.
Carbohydrate Incubation time (h.)
o 0°5 15 30 o 0°5 15 30 o o5 1-5 30
Glucose G 150 183 201 218 238 348 367 379 542 61-3 700 81-0
Et 150 200 249 296 238 32-1 31°6 26°9 542 750 92°5 1030
Galactose (S 127 168 186 199 27°3 385 38-8 4272 59'9 661 78-0 831
E 127 174 238 285 273 37°1 32°4 26°1 599 734 96:6 1138
Lactose E 107 132 152 164 22°5 29-8 329 33°2 71-8 8034 86-1 916
E 107 144 179 239 22285 305 261 24°2 718 870 969 113-8
Sucrose C 129 164 185 195 210 300 3274 332 62-0 724 803 85-7
E 129 174 240 270 21 -0 279 24°4 24°5 620 82-4 98-4 109°0
Xylose C 175 200 218 233 179 246 38-8 30'9 45°3 529 61-9 638
E 175 202 224 256 17°9 254 27°1 249 453 53-8 635 754
p-Arabinose E 137 173 186 215 26-2 356 373 39°7 69-0 79'0 85-4 948
E 137 176 187 208 26-2 34°1 37°7 40°5 690 765 872 99°2
a-D-galacturonic acid
(0-5 g.) C 170 194 219 240 186 283 3179 337 497 564 677 69-9
E 170 195 226 270 18-6 2[7:4 289 275 49°7 62-1 734 86-7
* C-—control = rumen liquor (100 ml.) and ryegrass juice extract (10 ml.) and water (10 ml.)
t E—experimental = rumen liquor (100 ml.), ryegrass juice extract (1o ml.) and carbohydrate solution (10 ml.)

These same sugars had an even more marked effect on the levels of ammonia during the later
stages of fermentation as shown by the subsequent decrease in ammonia concentration, whereas
the levels continued to increase in the controls.

Comparison of the effect of sugars on gas production and ammonia formation shows that
there is a close relationship between the fermentation of readily available substrate and the
utilisation of nitrogen for protein synthesis (Fig. 3). Galactose, glucose, sucrose and lactose,
which were fermented rapidly, brought about the greatest reduction in ammonia concentration.
Galacturonic acid appears to behave in a similar way allowing for the lower concentration used.
On the other hand, when D-arabinose was present, a negligible effect on fermentation rate was
accompanied by practically no change in ammonia concentration.

Similarly, galactose, sucrose, lactose, glucose and galacturonic acid caused the greatest
increases in VFA formation (16-8-30-7 mmoles/l. above the controls after incubation for 3 h.).
Xylose was less effective (11:6 mmoles/l.), and D-arabinose had a very small effect
(4:4 mmoles/l.).

Discussion

The higher ammonia levels present in rumen samples from animals fed top-dressed pasture
illustrate a relationship between the nitrogen content of the pasture nitrogen intake and the
concentration of ammonia in the rumen. Other workers!8-2? have shown that the time required
for ammonia levels to reach a maximum after feeding, and the magnitude of the increases,
depend largely on the solubility of the dietary protein. For example, a dose of 100 g. of casein
gave a maximum ammonia concentration of 63-5 mmoles/l. 3 h. after administration, whereas
zein, which is much less soluble, gave a peak of 11-0 mmoles/l. 10 h. after administration.1® In
the present work, maximum concentrations occurred 2-4 h. after feeding, which indicates that
the plant protein was readily metabolised. McDonald!® also observed lower ammonia concen-
trations a few hours after feeding than before feeding. It was suggested that, as a result of
large amounts of energy becoming available for protein synthesis after feeding, ammonia
utilisation would exceed formation. Later, when the rate of bacterial growth dropped,
production could again exceed utilisation.

Increases in the level of nitrogen in the pasture as a result of top-dressing were similar to
those found in hay which had received the same rate of application 2 weeks before cutting.?!
Ferguson?! also noted that top-dressing had no effect on the protein-N/NPN ratio. In spite of
a lower intake of nitrogen on the first day of Experiment (ii), cow @, fed on high-N pasture,
had higher concentrations of ammonia in the rumen. This suggests that, either the protein in
the top-dressed pasture was more readily hydrolysed, or the higher level of soluble carbohydrate
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FiG. 3.—Effect of soluble carbohydrates on gas production and VF.4 concentra-
tions in rumen liquor (100 ml.) and ryegrass juice extract (10 ml.) incubated

at 39°
(Rates with rumen liquor and ryegrass extract = o)
X galactose; A sucrose; lactose; @ glucose; W galacturonic acid; O xylose;

A Dp-arabinose (1-o g. of sugars; o5 g. of galacturonic acid)

in the untreated pasture (approximately 2-2%, of dry matter) increased protein synthesis
sufficiently to utilise the additional nitrogen ingested.

The effect of starch in lowering ammonia concentrations in the rumen of pasture-fed
animals is in agreement with observations of Annison?? and of Lewis & McDonald! after the
dosage of animals on hay and concentrate diets with starch. In so far as ammonia levels in
the portal blood are related to ammonia levels in the rumen,?? starch supplementation would
seem to improve the utilisation of dietary nitrogen in ruminants grazing on pasture high in
protein.

The lack of any consistent difference in the levels of total VFA as a result of either the
difference in the level of nitrogen in the feed or the addition of starch was unexpected in view
of the findings of Lewis & McDonald! that casein added to the rumen of sheep at the same time
as starch resulted in higher concentrations of total VFA. In addition, the present in wvitro
experiments show that there is a direct relationship between the effect of added sugar on
ammonia utilisation and the formation of VFA. Reduction in ammonia concentration, without
an accompanying increase in VFA concentration when starch is added, may well indicate that
starch was being utilised as an energy source in protein synthesis by rumen bacteria.

With the exception of ribose, the sugars present in ryegrass juice extract are among those
commonly found in grasses.®> The absence of sucrose in the extract was likely to be due to
enzymic hydrolysis during extraction and subsequent storage. Similarly, arabinose and
galactose are usually present in polymeric form in the hemicellulose and pectic fractions
respectively?® and their occurrence as free sugars was probably due to enzymic degradation.?

The reduction in ammonia concentration in the rumen liquor when certain soluble sugars
were added to the incubation mixture agrees with observations made previously by Pearson
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& Smith?5 and McNaught?® when studying the in vitro conversion of non-protein to protein.
The rapid fermentation of galacturonic acid in the present work indicates that the presence of
a primary alcohol group is not essential to the utilisation of a carbohydrate as was suggested
by McNaught. Lewis & McDonald! found that the greatest increases in protein utilisation
occurred when the food material acting as an energy source was attacked at a rate comparable
to the rate at which NPN becomes available in the rumen. In the present work, the very high
rate of ammonia formation during the first half-hour of incubation indicated that the nitrogen
in the grass juice extract was readily metabolised, and in these circumstances readily metabolised
sugars should be effective in facilitating the incorporation of ammonia into bacterial protein.
The considerable reduction in ammonia formation brought about by supplementation of
soluble sugars in ryegrass extract with galactose, glucose, sucrose and lactose stresses the
importance of the concentrations of readily fermented carbohydrate in pasture grasses and
clovers. This will apply to sucrose and mannose in particular and to a lesser extent ribose.
Hemicelluloses and pectic substances probably would also be broken down sufficiently quickly
to enhance ammonia utilisation. Thus, provided the amount of protein being ingested by an
animal is not in excess of the protein requirements of that animal, the availability of soluble
sugars and other readily hydrolysed carbohydrates is likely to be the main factor limiting
the utilisation of pasture protein when carbohydrate/protein ratios are low, as occurs in grass
and clover pastures in early spring and late autumn. The chemical composition of pasture as
affected by season requires further investigation before the most efficient utilisation of grassland

by ruminants is likely to be achieved.
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