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The fermentation of soluble carbohydrates in rumen contents
of cows fed diets containing a large proportion of hay
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1. Studies were made of the fermentation of D-glucose, p-fructose, D-galactose, p-xylose,
L-arabinose and sucrose by rumen contents from two cows given 70% hay and 309, dairy
cubes once daily.

2. In in vivo experiments the monosaccharides only were infused into the rumen for
8 h at 200 g/h. Glucose and fructose were almost completely fermented but the other carbo-
hydrates were fermented more slowly. Changes in the proportions of volatile fatty acids
(VFA) in the rumen indicated marked differences among the carbohydrates in the proportions
of VFA produced.

3. In in vitro experiments all the carbohydrates were incubated for 2z h with 150 g mixed
rumen contents. The carbohydrates were added at 10 min intervals at a rate equivalent to
that used in vivo. Between 97 % and 100 9%, of the sucrose, glucose and fructose were fermented,
but only 42~56 % of the other carbohydrates. Acetic acid was the predominant acid produced,
especially from galactose and the pentoses. Propionic acid constituted less than 20 % of the
VFEA produced from galactose but about 309, from the other carbohydrates. n-Butyric acid
formed about 20 %, of the VFA from the hexoses and sucrose but only 10 %, from the pentoses.
Appreciable amounts of lactic acid were produced from glucose and fructose only.

4. Net recovery of carbon from fermented carbohydrate in VFA plus lactic acid was about
35 %; if results were not corrected for VFA produced in control flasks, the resulting gross
recovery was 50-63 %. The relative validity of the two terms is discussed.

5. There was good qualitative agreement between results from in vivo and in vitro experi-
ments and this was taken as evidence of the general validity of the in vitro technique. Only
the development of accurate methods for determining rates of fermentation in vivo would allow
evaluation of the technique in absolute terms. Such a comparison would be of great value.

6. The relevance of the results to the fermentation of the carbohydrates of feeds is con-
sidered. The differences found between the fermentation products of sucrose and those of
glucose and fructose demonstrate that it is not valid to extrapolate results obtained with
monosaccharides to their related polysaccharides without experimental evidence.

The carbohydrates of the natural feeds of ruminants, while often present in complex
form, are built from relatively few monosaccharides. Bailey (1962) has listed the most
common in plants as being, in decreasing order of abundance, glucose, fructose,
xylose, galactose, arabinose, galacturonic acid and glucuronic acid. The classic work
of Phillipson & McAnally (1942) clearly showed not only that carbohydrates were
fermented in the rumen to volatile fatty acids (VFA) but that such similar substrates
as mono- and di-saccharides were fermented at very different rates. Later workers
confirmed and extended these results, showing differences among monosaccharides
in the proportions of VFA produced by the fermentation. Since there is now strong
evidence that the efficiency with which VFA support various productive processes
in the ruminant varies according to the proportions of VFA that are produced (see
Blaxter, 1962), it is important that the fermentation in the rumen be well understood.
Unfortunately, despite the large number of experiments that have been conducted,
there is still much disagreement about the relative proportions of VFA that are pro-
duced from different carbohydrates.
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Furthermore, there is a serious lack of information on the quantitative aspects of
the fermentation of these carbohydrates. Most in vivo experiments conducted to date
have permitted comparisons among carbohydrates but have provided no information
about absolute rates of fermentation. In vitro experiments give a greater possibility
of determining absolute rates of VFA production but the extent to which the results
can be applied to the in vivo situation is limited by the artificial nature of the condi-
tions under which measurements are made. This is especially so where such prepara-
tions as washed cell suspensions (Doetsch, Robinson, Brown & Shaw, 1953 ; Robinson,
Doetsch, Sirotnak & Shaw, 1955) or long incubation times (Elsden, 1945) are used.
Only Hueter, Gibbons, Shaw & Doetsch (1958) and Elsden (1945) appear to have
attempted direct comparison of in vivo and in vitro techniques for studying the
conversion of soluble carbohydrates into VFA.

The purpose of the experiments described below was to study the metabolism of
five monosaccharides—glucose, fructose, galactose, xylose and arabinose—and one
disaccharide—sucrose—under carefully controlled conditions in vivo and in vitro in
an attempt to provide a more satisfactory basis for comparison of these carbohydrates
than has been provided previously. In particular, it was hoped to provide more
precise information about the quantitative aspects of the conversion of carbohydrates
into VFA.

EXPERIMENTAL
Animals and management

Two dry Friesian cows, Adelaide and Desmine, each with a permanent rumen
fistula closed with a rubber cannula and bung (Balch & Cowie, 1962), were used in all
experiments. They were housed in metabolism stalls. In Expt 1 they were offered 5 kg
meadow hay and 2 kg dairy concentrate cubes; in later experiments the same feeds
were offered at 809, of the level offered in Expt 1 since the cows gained too much
weight in that experiment. Feeds were offered once daily at 17.00 h and were consumed
within 3 h. Commercial salt licks providing a wide range of minerals (Mineral Salt
Licks; Bell and Son Ltd, Liverpool) were available throughout. At all times except
during experimental infusions, drinking water was available and, in addition, water
was infused into the rumen by gravity flow at 68 L./day to reduce the sudden fluctua-
tions in the volume of rumen contents due to drinking. The rate of infusion was that
used in other experiments at this Institute with milking cows (Rook & Balch, 1961).

In vivo experiments

Infusions. Five monosaccharides were studied : D-glucose (Cerelose, dextrose mono-
hydrate; Brown and Polson Ltd, London); p-fructose (levulose, C.P. Special; Pfan-
stiehl Laboratories Inc., Waukegan, Illinois); p-galactose (anhydrous D{+ )galactose;
Thomas Kerfoot and Co. Ltd, Vale of Bardsley, Lancs.); p-xylose (Dr Theodor
Schuchardt, GMBH and Co., Munich); and L-arabinose (L-Arabinose, N.F., Pfan-
stiechl Laboratories Inc.). The monosaccharides were dissolved in water and the re-
sultant solution was infused at 2 1./h for 8 h. In Expt 1 the metabolism of all the
monosaccharides when infused at 200 g/h was compared; the order of infusion is
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shown in Table 2. Water (control) was infused twice and glucose three times to gain
some measure of the repeatability of response. The other monosaccharides were
infused once only into each cow. The purpose of Expt 2 was to examine the metabolism
of one sugar, glucose, when infused at o, 35, 9o, 145 or 200 g/h, once at each level
into each cow. The order of infusion is shown in Table 5. A period of at least 8 days
was allowed between each infusion to reduce carry-over effects.

The solutions were infused through rubber tubes passing through the bung of the
rumen cannula; the site of infusion was about 7 cm below the surface of the rumen
contents immediately below the fistula. The rate of infusion was controlled by a
D.C.L. Series II Micro-pump (F.A. Hughes and Co. Ltd, Epsom).

Sampling. Samples were withdrawn from the rumen by gentle suction through a
wire-gauze filter anchored in the rumen with a 1 kg weight. Two such filters were
used, one on the bottom of the ventral sac and the other in the reticulum.

Samples of 60 ml were withdrawn from each site and mixed at once. The pH was
determined within 2 min of sampling with a Pye Universal pH meter with a Pye-
Ingold combined glass and reference electrode.

In Expt 1 samples were placed in storage at —17° immediately after the pH had
been measured. In Expt 2 attempts were made to reduce further the possibility of
metabolism occurring after the sample was removed from the rumen. To 10 ml of the
freshly taken sample were added Ba(OH), and ZnSQO,, as described below, in prepara-
tion for analysis for soluble carbohydrates; this sample was stored at 3° and analysed
within 48 h. T'o 100 ml of the remaining sample were added 5 ml 59, (w/v) HgCly;
this sample was stored at — 17° for all the other analyses.

Samples were analysed for concentrations of VFA, lactic acid and carbohydrate (as
total reducing substances—TRS). In Expt 1 proportions of acetic, propionic, iso-
and n-butyric and iso- and n-valeric acids were determined. In Expt 2 the valeric
acids were not determined, because changes in the proportions of these two acids were
small and irregular in Expt 1; a mean value was calculated from the results of Expt 1
and applied to the results for Expt 2. In Expt 1 only, the starch content of the samples
was estimated.

In vitro experiments

About 2 kg mixed rumen contents were removed from the centre of the rumen and
taken in warmed containers to the laboratory. In preliminary experiments it was found
that the rate of fermentation of glucose was greater in whole rumen contents than in
the liquid phase alone. To obtain similar amounts of solid and liquid phase in each
flask the two phases were first separated by squeezing total contents through two
layers of surgical gauze. The contents were then rapidly reconstituted by measuring
120 ml liquid phase and 30 g of the solid retained on the gauze into each of the four-
teen 250 ml round-bottomed flasks in which the incubations were conducted. These
amounts of the two phases resulted in approximately the same dry-matter content in
vitro as was found in vivo. The flasks were stoppered with rubber bungs fitted with
a syringe needle and a bunsen valve and were placed in water at 39° in a modified
manometer bath. When all the flasks were prepared they were gassed with carbon
dioxide for about 5 min. The gas lines were then disconnected and 10 ml disposable
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plastic syringes containing substrate were fitted in the needles in the stoppers. Shaking
at about 110 strokes/min was then commenced. About 30 min was required between
taking the sample from the rumen and beginning the shaking; a further 1o min was
allowed before substrate additions began.

The rate of addition of substrates was related to that used in the in vivo experi-
ments. The weight of contents in the rumen was determined by removal of all the
contents once from each cow; the contents were weighed, sampled for determination
of dry-matter content, and returned to the rumen. To simulate continuous infusion,
2 ml of the substrate solutions were added at 10 min intervals through the 2 h incuba-
tion. Substrates were dissolved in artificial saliva (McDougall, 1948). Each substrate
was incubated in duplicate flasks. T'wo flasks (o h) were removed at the start of the
incubation; artificial saliva alone was added to two further flasks (control) throughout
the incubation.

At the end of the 2 h incubation, the flasks were removed. About 30 ml of contents
were squeezed through one layer of surgical gauze and were prepared for analysis as
described above for Expt 2. Samples were analysed for concentrations of VFA, lactic
acid and TRS and for proportions of VFA. The pH of the remaining contents of the
flasks was measured. The weight and dry-matter percentage of the contents in the
flasks were determined and the liquid volume was calculated.

Three experiments were conducted using the in vitro technique. Expt 3 was an
attempt to repeat Expt 1 in vitro, the fermentation of the same five monosaccharides
being studied. Each monosaccharide was added at 375 mg/h, a level equivalent to the
200 g/h used in vivo. Two incubations were made with digesta from each cow. In
Expt 4, the metabolism of sucrose (Analar grade, British Drug Houses Ltd, Poole)
was compared with that of glucose; both carbohydrates were added at the same level
(on a carbon basis) as was used in Expt 3. In addition the metabolism of glucose,
galactose and xylose was studied when they were added at 187-5 mg/h—half the rate
used in Expt 3. Incubations were made on only one occasion with each cow. In Expt 5
the effect of an extended period of incubation was examined. Glucose and xylose were
added at 187-5 mg/h for 2 h in duplicate; control flasks were also incubated in dupli-
cate. At the end of 2 h, one of each duplicate set of flasks was removed. No further
substrate was added after 2 h but at 3 and 35 h, 6 ml of artificial saliva were added to
the remaining flasks to increase the buffering capacity of the contents. At the end of 4h
the remaining flasks were removed. The incubations were conducted on two occasions
with contents from cow Adelaide.

The amounts of VFA produced in vitro are presented in two forms. Gross produc-
tion is calculated from the increase in the amount of VFA in each flask during the 2 h
incubation. Net production is gross production less production in the contro! flasks
to which no carbohydrates were added ; it represents an attempt to distinguish between
the VFA produced from added carbohydrate and that produced by fermentation of
feed in the inoculum. No lactic acid was produced in control flasks, so no such correc-
tion was required for that acid.

Samples from Expts 3 and 4 were analysed for molar proportions of acetic, pro-
pionic, iso- and n-butyric and iso- and n-valeric acids. Only small and variable changes
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were detected in the amounts of iso-butyric acid and iso- and n-valeric acids during
the incubations. The maximum gross production of these three acids was only 1-09,
of the production of all the VFA. In calculating the amounts of individual VFA pro-
duced, it was therefore assumed that the amounts of iso-butyric and iso- and n-valeric
acids remained unchanged during the incubation; production of acetic, propionic and
n-butyric acids only was calculated.

Statistical analysis. In Expt 3 statistical analysis for each variate was carried out
separately for each cow and the standard error of a difference between substrate
means was derived from the interaction of substrates and occasions for the particular
animal. Similarly, when referring to substrate values averaged over both cows, the
error has been derived from a pooled estimate of the interaction of substrates and
occasions within cows. Although in this experiment combined analyses of variance
for both cows never showed significant interaction between substrates and cows, a
sample of only two animals was considered inadequate to establish the general
reproducibility of the results with confidence. Because of the type of standard error
chosen, conclusions are only strictly appropriate for those particular animals, although
much wider validity may well apply.

In Expt 4, since incubations were conducted on only one occasion with each cow,
the standard error of substrate differences for a given cow was necessarily based on
the mean square between duplicate incubations. Similarly, when discussing substrate
values averaged over both animals, the error was derived from a pooled estimate of
the mean square between duplicates within cows. These error variances tend to under-
estimate those available in Expt 3 and conclusions in Expt 4 strictly apply only to the
particular animals on their single occasions though again much wider validity may
well apply.

In neither Expt 3 nor Expt 4 were the amounts of VFA or lactic acid produced
analysed statistically as they were of limited value in view of the wide range in the
amount of substrate metabolized. The conversion of metabolized substrate into
fermentation products was more meaningful, and this relationship was examined
statistically.

Analytical procedures

Rumen liquor was centrifuged for 40 min at 2500 g and analysed for total VFA by
steam distillation (Annison, 1954) and lactic acid by the technique of Elsden & Gibson
{1954). Proportions of VFA were determined by gas chromatography. In Expts 1 and 2
the procedure of Tilley, Canaway & Terry (1964) was used. In Expts 3 and 4 samples
were analysed on an Aerograph-600-C gas chromatograph with a hydrogen-flame
ionization detector (Hodson, McGilliard, Jacobson & Allen, 1965). Initially samples
were prepared for analysis on the Aerograph gas chromatograph by the procedure of
A. D. McGilliard (personal communication) in which the sample is deproteinized by
the addition of 259, (w/v) metaphosphoric acid before injection. When the sample
prepared in this way contained high concentrations of certain of the carbohydrates,
interfering peaks were detected on the chromatogram. To remove the carbohydrate,
all samples in Expts 3 and 4 were extracted into diethyl ether by the procedure of
Storry & Millard (1965). They were then re-extracted into water before injection since
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the large diethyl ether peak obscured the VFA peaks when the samples were injected
in ethereal solution.

The solid fraction resulting from centrifuging the rumen contents was examined
for starch in Expt 1. It was suspended in water and the depth of purple colour
resulting from the addition of iodine in potassium iodide solution was estimated on
a scale of o (no colour) to 3 (almost black).

Soluble carbohydrates were determined as total reducing substances (TRS) by the
technique of Somogyi (1945, 1952) after precipitating the protein in 1 vol. of rumen
contents by the addition of 1 vol. 0-3 N-Ba(OH), and 1 vol. 5% (w/v) ZnSO,.7H,0
solution. Slightly different conditions were required for analysis of different carbo-
hydrates. Sucrose was determined by the same technique after hydrolysis by 0-17 N-
H,S0, at 100° for 3 min,

RESULTS
Preliminary experiments

Level of infusion. In preliminary trials glucose was infused at 200, 300 and 400 g/h
for 6 h to determine the maximum level that could be infused without accumulation of
lactic acid. At the two higher levels of infusion the concentrations of both lactic acid
and glucose increased markedly and were still rising at 6 h. At the lowest level of
infusion, neither metabolite was found in appreciable quantities; this level was there-
fore selected for infusion of all carbohydrates in Expt 1. The rate of change of rumen pH
and of the concentration and molar proportions of VFA was small by 6 h, when glucose
was being infused at 200 g/h; in order to give a rather greater opportunity for a
steady-state situation to be attained, all infusions were continued for 8 h in Expt 1.

Stte of sampling. Initially glucose was infused into the ventral sac of the rumen and
samples were taken from the reticulum and from a point in the ventral sac about
35 cm away from the site of infusion. No consistent difference in pH or concentration
of VFA between the two sampling sites was detected but glucose tended to accumu-
late in the ventral sac occasionally; in one trial the concentration of glucose reached
480 mg/100 ml in the ventral sac whilst less than 1 mg/ico ml was present in the
reticulum. In an attempt to distribute the infusate more uniformly throughout the
reticulo-rumen, the site of infusion was moved to a position about 7 cm below the
surface of the rumen contents and immediately ventral to the fistula. Samples were
taken from near the bottom of the ventral sac and from the reticulum. During two
infusions of glucose into each cow, samples from the two sampling sites were analysed
separately for pH, TRS and concentration and proportions of VFA. Differences
between sites were small and irregular. In all subsequent infusions, samples were
taken from both sites and mixed in equal volumes before being analysed.

Expt 1. Different carbohydrates in vivo

Basal fermentation. The small variation in the proportions of VFA found in the
rumen at the start of each infusion (Table 1) is evidence that the basal fermentation
was very similar both from day to day and between cows. Rather more variation was
apparent in concentrations of VFA. When water alone was infused, a steady fall in the
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concentration of VFA and a rise in pH occurred, reflecting the declining rate of
fermentation of the previous feed (Tables 2 and 3). Changes in the proportions of
VFA between the start of the infusion and the end, 8§ h later, were small (Table 3).
Thus a relatively simple fermentation pattern was established for the study of the
effect of added carbohydrates.

Disappearance of carbohydrates. As in the preliminary trials, the infusion of glucose
at 200 g/h resulted in the accumulation of negligible amounts of TRS in the rumen

Table 1. Expt 1: mean and range of the pH and the concentrations and molar proportions
of volatile fatty acids (VFA) in the rumen of both cows before the start of infusions

Molar %
VFA Iso- Iso-
pH (m-molesfl.)  Acetic Propionic butyric n-Butyric valeric n-Valeric
Cow Adelaide
Mean 64 753 705 17-8 o6 96 o8 oy

Range 6268 67-9—807 69:6—717 16:8-186 0408 ogo-1004 o©0'5-1'0 ©05-09
Cow Desmine

Mean 6-8 585 708 17°1 o9 94 I'I o7
Range 6769 52:0-636 682—72'3 16:3-187 o7-1'0 84-105 o09-1'4 0509

Table 2. Expt 1: difference between rumen samples taken at the start and after 8 h of
infusion in pH and concentrations of total reducing substances (TRS), volatile fatty
acids (VFA), lactic acid and starch in both cows.

(All carbohydrates were infused at 200 g/h for 8 h)

TRS VFA Lactic acid
Infusate* pH (mg/100 ml) (m-moles/l.) (m-moles/l.) Starcht

Cow Adelaide
(3) Water +o4 —1'3 —156 ND o
(9) Water +o05 —11 —181 ND ND
(1) Glucose -0z +8-2 +14'9 ND ND
(2) Glucose —o'4 + 147 +11-8 +o2 +3
(8) Glucose —02 +102 +11%7 o +3
(5) Fructose —o4 +11°3 +93 +43 +3
(7) Galactose —04 + 808 +16°1 +03 +2
(4) Xylosetl —0'4 + 1467 +95 +o2 +1
(6) Arabinose —o4 + 1717 +9'3 +0o2 +1

Cow Desmine
(3) Water +o3 +16 —12'7 ND o
(9) Water 403 —1'9 —102 ND ND
(x) Glucose —03 +23 +190 ND ND
(2) Glucose —03 +74 +157 +ox +3
(8) Glucose —o03 +64 +137 +o1 +3
(6) Fructose —0'3 +8-9 + 147 o +3
(4) Galactose —o1 +1578 +137 o +2
(5) Xylose -0z +301°3 +12'77 +o2 +1
(7) Arabinose —o0'3 + 1800 + 185 402 +1

* Numbers in parentheses beside infusate indicate the order of infusion in each cow.
1 Determined by eye on a scale of o-3 (see p. 694).

1 Difference between o h and 7 h. The infusion was interrupted between 7 h and 8 h.
ND, not determined.
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(Table 2). Results with fructose were similar. In contrast, the concentrations of TRS
rose markedly when galactose, xylose and arabinose were infused. The concentration
of these monosaccharides increased somewhat irregularly during each infusion but
usually approached a maximum by 2-4 h after the start and fluctuated around that
level thereafter. The volume of liquid in the rumen of each cow was about 8o 1. Thus
the total amount of carbohydrate in the rumen at the end of each infusion was 50-250 g
when galactose, xylose and arabinose were infused and only 2—-12 g when glucose and
fructose were infused.

Table 3. Expt 1: molar proportions of volatile fatty acids in
the rumen of both cows after 8 h of infusion

(Each carbohydrate was infused at 200 g/h for 8 h)

Molar %
Infusate Acetic Propionic  Iso-butyric n-Butyric  Iso-valeric  n-Valeric
Cow Adelaide
Water 707 17-8 1’1 90 11 <]
Water 717 17-8 o6 78 14 oy
Glucose 557 20'9 o3 21°4 o7 o8
Glucose 559 217 o6 206 09 13
Glucose 557 10°1 o6 226 10 10
Fructose 580 19°6 o7 203 o7 o7
Galactose 647 18-4 06 152 o5 o6
Xylose* 648 248 o6 88 o6 o4
Arabinose 65-0 24'3 o5 93 o5 0’4
Cow Desmine
Water 72°1 158 14 88 14 o3
Water 71°5 16°2 I 86 20 o6
Glucose 589 238 o7 151 o8 o7
Glucose 586 22°'1 o6 169 09 09
Glucose 579 236 o5 16°2 o8 1o
Fructose 50°6 236 o7 146 o8 o7
Galactose 682 140 09 156 o5 o8
Xylose 686 208 o5 89 o6 o6
Arabinose 68-3 21°1 o4 91 o6 o5

* Proportions 1 h before the planned end of the infusion; the infusion was interrupted during the
last hour.

Products of fermentation. The infusion of all the carbohydrates caused increases in
the concentration of VFA and decreases in pH (Table 2), clearly indicating that the
disappearance of carbohydrates reflected in large measure their fermentation rather
than absorption or passage out of the reticulo-rumen. The maximum falls in pH were
of similar size to those following the evening feed. The concentration of VFA usually
became stabilized by about 4 h after the start of each infusion in Adelaide, but with
Desmine the concentration usually continued to increase throughout, though at a
much reduced rate from 6 to § h. The size of the increase in concentration of VFA
bore no obvious relationship to the amount of carbohydrate remaining in the rumen
at the end of the infusion; an inverse relationship might have been expected.

The concentration of lactic acid was negligible except on one occasion following the
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infusion of fructose, and even then the concentration did not approach that associated
with diets containing large amounts of starch. Only glucose and fructose caused large
increases in the amounts of iodophilic substances in the rumen contents (Table 2).
Proportions of VFA. With all infusions, the rate of change in the molar proportions
of VFA was greatest in the first 4 h and decreased thereafter, but almost never became
zero. A fall in the proportion of acetic acid was caused by all the monosaccharides, but
was greatest with glucose and fructose (Table 3). These two carbohydrates also caused
increases in the proportions of both propionic and n-butyric acids, though the relative
amounts of the increases differed consistently between cows. Galactose caused an
increase in n-butyric acid only and the pentoses increases in propionic acid only.

Expt 2. Level of glicose in vivo

It was not clear from the results of Expt 1 to what extent the differences among the
carbohydrates in the proportions of VFA in the rumen at the end of the infusion
reflected differences in the molar proportions of VFA produced and to what extent

Table 4. Expt 2: mean and range of the pH and the concentrations and molar propor-
tions of volatile fatty acids (VFA)* in the rumen of both cows before the start of
infusions

Molar 9%,
VFA I A \
pH (m-molesfL) Acetic Propionic Iso-butyric  n-Butyric

Cow Adelaide
Mean 63 667 704 18-8 o7 8:6
Range 6-3-6°4 62-0-69-7 69'5~71°5 18-1-19-3 0609 7'9-9'0

Cow Desmine
Mean 66 589 703 187 o9 83
Range 6:5-67 55'4—64"1 69-3—72'0 18:4-19'1 o7-1'1 7:0-8-9

* 'The molar proportions of iso- and n-valeric acids were assumed to total 1-5 % for Adelaide and
1-8 % for Desmine (see p. 691).

they reflected the different rates at which the carbohydrates were fermented. The
purpose of Expt 2 was to examine this problem by infusing glucose at several
concentrations,

The conditions in the rumen at the start of the infusions (Table 4) and changes in
concentrations and proportions of VFA caused by infusing glucose at o or 200 g/h
(Tables 5, 6) were very similar in Expts 1 and 2. Changes in pH, in concentrations of
VFA and in molar proportions of acetic acid were almost linearly related to the level
of glucose infused, whereas changes in the proportions of propionic and n-butyric
acids showed no clear pattern.

One difference between Expts 1 and 2 was a marked increase in the concentration
of lactic acid at the two higher levels of infusion in the second experiment. This was
probably related to the smaller amounts of the basal ration given in the second experi-
ment. If the amount of glucose infused is plotted (Fig. 1) against the change in con-
centration of VFA plus lactic acid, an almost linear relationship results whereas, if it is
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plotted against the change in concentration of VFA alone, a marked deviation from
linearity occurs at the higher levels of infusion. This finding supports the general
belief that when large amounts of soluble carbohydrate are fermented some of the
carbohydrate is fermented to lactic acid instead of to VFA. Subsequently most of the
lactic acid is probably further metabolized to VFA.

Table 5. Expt 2: difference between rumen samples taken at the start and after 8 h of
infusion in pI and concentrations of total reducing substances (TRS), volatile fatty
acids (VFA) and lactic acid in both cows when glucose was infused at different
concentrations

Amount of glucose TRS VFA Lactic acid
infused*® (g/h) pH (mg/100 ml) (m-moles/L) (m-moles/l.)
Cow Adelaide
(1) o +o03 —0'3 —11'8 ND
4) 35 +o2 —o5 —51 o0
(3) 90 —ox +06 +31 o0
(5) 145 —0'4 +0'6 +144 +14
(2) zo0 —o7 +6-1 + 190 +73
Cow Desmine
(1) o +o3 —o0'3 — 159 ND
4) 35 oo —oI —2'5 00
(2) 9o oo +o4 +46 o0
(5) 145 —03 —o2 +15'3 +24
(3) 200 —o7 +15°3 +20'5 +65

* Numbers in parentheses beside infusate indicate the order of infusion in each cow. All concentra-
tions of glucose were given in 2 l. water/h.
ND, not determined.

Table 6. Expt 2: molar proportions* of volatile fatty acids in the rumen of both cows
at the end of each infusion when glucose was infused at different concentrations

Amount of Molar %,
glucose infused — —A
(g/h) Acetic Propionic Iso-butyric n-Butyric
Cow Adelaide

o 710 18-8 10 74

35 66-6 187 o6 12°3

90 637 186 o6 15°3

145 50°I 229 06 156

200 556 229 o5 192

Cow Desmine

o 730 17°9 1L 61
35 675 19'3 o8 103
90 636 21'0 o7 128

145 611 209 06 15'5
200 57°2 259 o8 142

* The molar proportions of iso-valeric and n-valeric acids were assumed to total 1-8 9, for Adelaide
and 1-9 % for Desmine (see p. 691).
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Fig. 1. Expt 2. Relation between the amount of glucose infused and the change in con-
centration of volatile fatty acids (VFA) (O, A) or VFA plus lactic acid (@, A) in the rumen
during the infusion in two cows, Desmine (O, ®) and Adelaide (A, A). The calculated
regression between the amount of glucose infused and the change in concentration of VFA
plus lactic acid is shown for both cows. All infusions lasted for 8 h.

Table 7. Expts 3 and 4: mean pH and concentration and molar proportions of
volatile fatty acids (VFA) at the start of incubations in the rumen of both cows

Molar 9%
VFA Iso- Iso-
Cow pH  (m-moles/l.) Acetic Propionic butyric n-Butyric valeric n-Valeric
Expt 3
Adelaide 625 701 71°4 19°2 o7 76 o8 03
Desmine 6-70 68-4 705 183 09 84 12 o7
Expt 4
Adelaide 6-60 682 736 17°9 o6 7°0 o7 o2
Desmine 655 627 73'4 17°4 06 73 I'o 03

Expt 3. Different carbohydrates in vitro

The conditions in the rumen contents at the start of the incubations (Table 7) were
very similar to those found at the start of the in vivo experiments. The percentage of
added carbohydrates that was fermented is presented in Table 8. The amounts of
VFA and lactic acid produced and the pH at the end of the incubations are shown in
Tables g and 10.
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The carbohydrates could be divided into three groups on the basis of their fermen-
tation. The first group, consisting of glucose and fructose, was almost completely
fermented and produced more lactic acid, more VFA and, of the VFA, a smaller
proportion of acetic acid than all the other carbohydrates. The difference between

Table 8. Expt 3: mean percentage of carbohydrate fermented
during 2 h incubations with rumen contents from both cows

(All the carbohydrates were added at 375 mg/h. Further details of the incubation procedures
are given on p. 691. The least significant difference (LsD) (P = 0-05) among substrates is given)

Carbohydrate fermented (%)

(o hY
Cow Cow

Substrate Adelaide Desmine
Glucose 99°2 100°0
Fructose 997 100°0
Galactose 550 519
Xylose 5274 468
Arabinose 50'3 46°5
59% LSD 16 7-8

Table 9. Expt 3: mean pH, gross production of volatile fatty acids (VFA) and molar
proportions of VFA produced during the in vitro incubations with rumen contents from
both cows

(All carbohydrates were added at 375 mg/h. Further details of the incubation procedures are
given on p. 691. The least significant difference (Lsp) (P = 0'05) among substrates is given)

Molar %
Total VFA — N
Substrate rH (m-moles) Acetic Propionic n-Butyric
Cow Adelaide
Glucose 5°91 400 530 30°5 156
Fructose 5°91 411 55°2 275 173
Galactose 613 330 649 212 13'9
Xylose 614 341 662 265 73
Arabinose 613 328 634 272 94
Control 633 1-60 69-6 226 78
5% LsD — — 33 26 35
Cow Desmine
Glucose 616 403 499 31°5 186
Fructose 615 423 524 29°0 186
Galactose 6-28 3-03 64-6 180 17°4
Xylose 631 306 658 254 88
Arabinose 630 302 671 242 87
Control 653 1°30 66-4 233 10°4
5% LsD — — 74 53 32

fructose and all the other carbohydrates in the proportion of acetic acid produced
failed to reach significance when calculated on a net basis for cow Desmine but was
significant when results for both cows were averaged. The proportion of propionic
acid produced from glucose tended to be greater than that produced from fructose,
but this difference was significant for cow Adelaide only. In the in vivo experiments,
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when glucose and fructose were infused there was a difference between cows in the
proportions of propionic and n-butyric acids in the rumen at the end of the infusion.
"This difference was not detected in vitro.

Table 10. Expt 3: mean net production of volatile fatty acids (VFA) and lactic acid and
molar proportions of VFA produced during the in vitro incubations with rumen con-
tents from both cows

(All carbohydrates were added at 375 mg/h. Further details of the incubation procedures are
given on p. 691. The Ieast significant difference (Lsb) (P = 0-05) among substrates is given)

Molar %,
Lactic acid Total VFA r \
Substrate (m-moles) (m-moles) Acetic Propionic n-Butyric
Cow Adelaide
Glucose o777 2°40 42°3 36-4 2173
Fructose 1-08 2°51 451 31°2 237
Galactose 0°00 170 585 211 204
Xylose 0°00 181 639 292 69
Arabinose 0°00 1-68 582 30-8 11'0
5% LSD — — 64 44 66
Cow Desmine
Glucose 0°40 273 42°3 351 226
Fructose o060 2-93 464 31°4 22°2
Galactose 000 172 635 137 22'8
Xylose o0z 1-76 653 272 7'5
Arabinose 001 171 675 251 74
5% LSD — — 17°4 10°4 8-6

Table 11. Expt 4: mean percentage of carbohydrate fermented during the
in vitro incubations with rumen contents from both cows

(Details of the incubation procedures are given on p. 691 The least significant difference (LsD)
(P = o-o5) among substrates is given)

Carbohydrate fermented (%)
A

Amount ‘ N

added Cow Cow
Substrate (mg/2 h) Adelaide Desmine
Glucose 750 1000 98-7
Sucrose 713 100°0 980
Glucose 375 100'0 100°0
Galactose 375 819 70°3
Xylose 375 887 716
5% LSD — o8 32

The fermentation of the other carbohydrates, galactose and the pentoses, had
features in common. They were all metabolized at about half the rate of glucose and
fructose though the rate of fermentation of galactose was significantly greater than
that of the pentoses for Adelaide and for the mean results for both cows. They pro-
duced less VFA than glucose and fructose and virtually ne lactic acid. Of the VFA
produced, acetic acid constituted 56689, on both net and gross production bases
with no significant differences among the carbohydrates in this respect. Despite these
similarities, the fermentation of galactose was clearly distinguished from that of the
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pentoses. Galactose produced a significantly smaller proportion of propionic acid than
all the other carbohydrates, whereas the pentoses produced a significantly smaller
proportion of n-butyric acid than all the others.

Expt 4. Level of carbohydrate in vitro

The purposes of Expt 4 were to examine the fermentation of glucose, galactose and
xylose added at half the rate used in Expt 3 and to compare the fermentation of glucose
and sucrose added at the normal rate. The extent of fermentation of the carbohydrates
is shown in Table 11 and the amounts of VFA and lactic acid produced and the pH
in the rumen contents at the end of the incubations are shown in Tables 12 and 13.
There was a slightly greater proportion of acetic acid and smaller proportion of
propionic acid at the start of the incubations in Expt 4 than in Expt 3 (Table 7).

Table 12. Expt 4: mean pH, gross production of volatile fatty acids (VFA) and
proportions of VFA produced during the in vitro incubations with rumen contents from
both cows

(Details of incubation procedures are given on p. 691. The least significant difference (LsD)
(P = o'o5) among substrates is given)

Amount Molar %,
added Total VFA A~ -
Substrate (mg/2 h) pH (m-moles) Acetic Propionic  n-Butyric
Cow Adelaide
Glucose 750 6:20 456 574 30°1 12°5
Sucrose 713 623 447 633 237 13-0
Glucose 375 630 315 59°2 276 132
Galactose 375 6:30 311 72°0 180 10°0
Xylose 375 6-28 3'49 767 19'6 37
Control — 6-60 1-83 785 207 o8
5% 1SD — — - 53 37 27
Cow Desmine
Glucose 750 623 395 540 326 134
Sucrose 713 6:25 401 59'0 279 131
Glucose 375 6-30 267 51'2 316 17°2
Galactose 375 630 2447 676 180 144
Xylose 375 6-33 252 714 220 66
Control — 655 117 733 21-8 4'9
5% LsSD — — — 4'1 2'4 30

Sucrose did not differ markedly from glucose in the extent of its fermentation or the
amounts of VFA produced. However, it did differ in producing less lactic acid, a
significantly greater proportion of acetic acid and a significantly smaller proportion
of propionic acid.

One effect of adding glucose, galactose and xylose at half the level used in Expt 3
was to cause smaller differences in products and so a relatively greater variability in
results due to analytical and other errors. Glucose provided the only direct comparison
of the effect of different levels of substrate within one experiment. There was good
agreement between the effects of the two levels of glucose on proportions of VFA
produced when these were calculated from gross production, but significant dif-
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ferences were detected on a net production basis. Comparison of the products of
fermentation from galactose and xylose at the two levels of addition could only be
made between experiments and was also inconclusive. Although the results were
inadequate to show whether the products of fermentation were the same at the two
levels of addition, they did confirm in general the relative differences among the
carbohydrates found at the higher level of addition in terms of both rates of fermenta-
tion and the proportions of VFA produced.

‘Table 13. Expt 4: mean net production of volatile fatty acids (VFA) and lactic acid and
molar proportions of VFA produced during the in vitro incubations with rumen contents
Jfrom both cows

(Details of the incubation procedures are given on p. 691.
The least significant difference (Lsp) (P = 0-05) among substrates is given)

Amount Molar 9%,
added Lactic acid Total VFA  — — \
Substrate (mg/z2h) (m-moles) (m-moles) Acetic Propionic  n-Butyric
Cow Adelaide
Glucose 750 035 273 420 36-8 212
Sucrose 713 000 264 51-6 261 223
Glucose 375 0'00 132 29'9 379 323
Galactose 375 000 1-28 656 133 21°1
Xylose 375 0-00 1-66 76-8 177 55
5% LSD — — - 63 58 45
Cow Desmine
Glucose 750 o070 278 470 369 161
Sucrose 713 017 2-84 54'0 30°3 157
Glucose 375 000 1'50 357 389 254
Galactose 375 o000 130 6o-0 157 243
Xylose 375 000 1'35 673 23'4 93
5% LSD — — — 44 46 33

Expt 5. Extended incubation in vitro

During the first 2 h when substrates were being added the mean gross production
of VFA in the glucose, xylose and control flasks was 3-29, 3:46 and 1-64 m-moles
respectively. In the second 2 h period when no further substrate was added, 1-89,
1-81 and 1-go m-moles VFA respectively were produced. Hence there was no evidence
that polysaccharide, that might have been formed in the presence of added substrate
in the first 2 h, was metabolized to VFA in the succeeding 2 h.

DISCUSSION
Validity of techniques

In earlier experiments (Phillipson & McAnally, 1942; Elsden, 1945; Waldo &
Schultz, 1956; Hueter ef al. 1958) designed to examine the metabolism of simple
carbohydrates, all the substrate has been introduced into the rumen over a very short
period, usually by direct addition through a fistula. A very rapid but brief burst of
fermentation ensues and responses are difficult to measure accurately or to interpret.
The intraruminal infusion used in the present in vivo experiments provided a con-

45 Nutr. 22, 4
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tinuous source of substrate for several hours. It was hoped that by this means a
steady-state situation would be approached. The steady state was defined for this
purpose as a period of at least 2 h during which changes in the concentration of
fermentation products and of any unfermented carbohydrate approached zero. To
increase the sensitivity of the technique, infusion of substrates did not begin until
about 14 h after the one daily feed. By this time the rate of fermentation of the feed,
and hence changes in the concentration of total VFA, were approaching the daily
minimum, and changes in the proportions of VFA were very small.

80
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Total VFA concentration
(m-moles/l.)
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Time (h)

Fig. 2. Expt 1. Concentration of volatile fatty acids (VFA) in the rumen during the infusion
of glucose (O), galactose (@) or water (A) into the rumen of cow Desmine for 8 h, Carbo-
hydrates were infused at 200 g/h; water and carbohydrate solutions were infused at 2 L./h.
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Fig. 3. Expt 1. Concentration of carbohydrate in the rumen during the infusion of glucose
{O), galactose (@) or water (A) into the rumen of cow Desmine for 8 h. Carbohydrates were
infused at 200 gf/h; water and carbohydrate solutions were infused at 2 1./h.
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The changes in cow Desmine illustrated in Figs. 2—4 show that a steady-state
situation was approached, though at no time did the changes in concentrations of
metabolites reach zero. More satisfactory results were obtained with cow Adelaide.
The highly reproducible response to repeated glucose infusions (Tables 2, 3) illustrates
the sensitivity of the technique.
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Fig. 4. Expt 1. Molar proportions of acetic (O), propionic (®) and_n-butyric (A) acids in the
rumen during the infusion of (a) water, (b) glucose or (c) galactose into the rumen of cow
Desmine for 8 h. Carbohydrates were infused at 200 g/h; water and carbohydrate solutions
were infused at 2 1./h.

The in vitro studies were intended to provide evidence regarding the absolute
amounts of carbohydrate metabolized and of fermentation products produced. Such
evidence could not be obtained with the in vivo technique. The validity of in vitro
techniques has been discussed at length elsewhere (Warner, 1956; Hungate, 1966). In
general, the shorter the period of incubation the greater is likely to be the validity of
the results, but the ultimate criterion must be the degree of agreement between
results of in vivo and in vitro experiments. In preliminary studies the criterion chosen
for deciding that fermentation approached that obtained in vivo was that glucose,
when added in vitro at a rate equivalent to that used in vivo, should not accumulate
during the 2 h incubation. The main factor affecting this was the presence of solid
material from the rumen contents; in rumen liquor filtered through two layers of
surgical gauze, the amount of glucose metabolized was only about 759, of that in
whole rumen contents. Phillipson & McAnally (1942) reported that the supernatant
liquid from centrifuged rumen contents metabolized glucose and lactic acid less
rapidly than fluid from which solid had been removed by filtration through muslin.
Presumably these procedures effect removal of protozoa and bacteria to varying
degrees and hence alter fermentation rates.

Although the results of the in vivo and in vitro techniques cannot be compared in
absolute terms, the close similarity of the relative differences among the carbohydrates
as determined by the two techniques provides good evidence of the validity of the in
vitro procedure. Further confirmation will require development of accurate techniques
to determine products of fermentation in vivo.

45-2
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Fermentation of carbohydrates

Since results from the in vivo and in vitro experiments were in such close agree-
ment, they will be considered together. The experiments have shown quite clearly
that such chemically similar substrates as soluble carbohydrates can be metabolized
by a mixed population of rumen bacteria and protozoa at rates that differ by a factor
of at least two and that they can produce end-products of fermentation in quite
different proportions. Such differences have been shown previously, but few experi-
ments have involved comparison of in vivo and in vitro techniques and none has pro-
vided the degree of control achieved in the present studies.

On the basis of rates of fermentation, the carbohydrates can be divided into two
groups: glucose, fructose and sucrose that were rapidly fermented, and galactose,
xylose and arabinose that were fermented at only half the rate of the others. The
studies of Phillipson & McAnally (1942) clearly showed that galactose, lactose and
maltose were fermented less rapidly than sucrose, glucose and fructose. The fermenta-
tion of pentoses has been examined in detail by several workers. Howard (1958)
showed that D-xylose and L-arabinose were the most rapidly fermented of several
pentoses studied, and McNaught (1951) reported that these two pentoses supported
microbial growth as well as sucrose, galactose and fructose. However, neither these
nor other workers appear to have compared the rate of fermentation of pentoses with
that of hexoses.

Examination of the products of fermentation permits further subdivision of the
carbohydrates. Of the rapidly metabolized carbohydrates, glucose and fructose were
metabolized to similar end-products though small differences were detected in the
amounts of lactic acid and the molar proportion of propionic acid produced. Sucrose
was examined in less detail and only in vitro, but the results, which have been largely
confirmed by later more extensive experiments (Sutton, 1967, unpublished), indicated
that, compared with glucose and fructose, sucrose produced less lactic acid and, of the
VFA, a greater proportion of acetic acid and a smaller proportion of propionic
acid.

The more slowly metabolized carbohydrates all produced a relatively larger pro-
portion of acetic acid than the other three sugars. However, galactose and the pentoses,
although producing similar proportions of acetic acid, were clearly differentiated from
one another by the relative proportions of propionic and n-butyric acids produced.

The relationship in the present experiments between rate of fermentation of the
carbohydrates and the proportion of acetic acid produced does not appear to be a
causal one. In Fig. 5, results with cow Desmine from Expts 1 and 2 have been com-
bined. For a given change in concentration of total VFA resulting from the infusions,
a smaller decrease in the proportion of acetic acid in the rumen occurred when
galactose, xylose or arabinose was infused than when water, glucose at various levels,
or fructose was infused. In the in vitro studies glucose was added at only half the
standard rate in Expt 4; its rate of fermentation thus approximated to that of the more
slowly metabolized carbohydrates in Expt 3, but it still produced a much smaller

proportion of acetic acid than the other carbohydrates. Thus evidence is strong that
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the differences among the carbohydrates in the proportions of VFA produced by
fermentation are not caused by the different rates at which they are fermented.
Information from other sources regarding proportions of VFA produced from
soluble carbohydrates is contradictory and provides no clear picture. The results of
in vitro (Elsden, 1945; Hershberger, Bentley, Cline & Tyznik, 1956; Hueter et al.
1958) and in vivo (Elsden, 1945; Waldo & Schultz, 1956; Hueter et al. 1958) experi-
ments clearly indicate that glucose produces a relatively small proportion of acetic
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Change in total VFA concentration (m-moles/l.)
o
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—20 I | }
—20 —10 0 +10

Change in acetic acid (molar %)

Fig. 5. Expts 1 and 2. Relation between the change in concentration of total volatile fatty
acids (VFA) and the change in the molar proportion of acetic acid in the rumen when various
substrates were infused for 8 h into the rumen of cow Desmine. Solutions infused were
water (Expt 2, O; Expt 1, @), glucose (Expt 2, A; Expt 1, A), fructose ([1), galactose (H),
xylose ( x ), and arabinose (+); all were infused at 2z 1./h. In Expt 1 all carbohydrates were
infused at 200 g/h; in Expt 2 glucose was infused at 35, go, 145 and 200 g/h.

acid, but there is disagreement about the relative proportions of propionic and
butyric acid produced. Some disagreement was apparent in the present studies in that
glucose consistently caused a smaller increase in the proportion of propionic acid in
Adelaide than in Desmine in the in vivo studies but not in vitro. There appears to be
no previous information concerning the VFA produced from galactose. Much more
exists regarding the fermentation of the pentoses (McNaught, 1951; Heald, 1952;
Doetsch et al. 1953) but there is little agreement although the results of McNaught
(1951), who used an in vitro technique similar to our own, agree with ours in showing
that little butyric acid was produced from either D-xylose or L-arabinose.

Of other products of fermentation, lactic acid usually appears as an intermediate
product when glucose is given at a sufficiently high level (Phillipson & McAnally,
1942; Elsden, 1945). Comparison of the results of Expts 1 and 2 strongly suggests
that the accumulation of lactic acid in the rumen depends not only on the amount of
glucose added but also on the amount of basal ration consumed. The level of feeding
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used during the in vitro studies was the same as that used in Expt 2. Hence the appear-
ance of lactic acid as an important product of glucose fermentation in vitro is in
agreement with the in vivo results.

In the in vitro experiment reported here, lactic acid was produced from fructose
and, to a much lesser extent, from sucrose as well as from glucose; virtually none was
produced from galactose, xylose or arabinose. These differences among the carbo-
hydrates agree with earlier results (Phillipson & McAnally 1942; McNaught, 1951;
Heald, 1952; Robinson et al. 1955) and probably reflect largely the different rates at
which they are fermented although the differences between glucose, fructose and
sucrose in the amounts of lactic acid produced suggest that rate of fermentation is not
the only factor involved.

The detection of storage polysaccharide in our experiments relied on the formation
of a blue colour when iodine was added. Only samples from in vivo experiments were
examined. Glucose and fructose produced large amounts of iodophilic substance,
galactose less and the pentoses very little. There is considerable evidence that pentoses
as well as hexoses can be metabolized to bacterial polysaccharide by mixed rumen
bacteria in vitro (McNaught, 1951; Doetsch et al. 1953; Howard, 1958) though there
is little information from in vivo work. Among variables that have been shown to
affect the extent of such polysaccharide formation are species of bacteria (Hobson &
Mann, 1955; Doetsch, Howard, Mann & Oxford, 195%) and the amount of carbo-
hydrate available (Robinson et al. 1955). The differences among the carbohydrates
detected in the present experiments may reflect primarily the differences in their rates
of metabolism.

It seems probable that the main reason that such chemically similar substrates as
soluble carbohydrates are fermented at different rates and to different proportions of
products is because they are fermented by different bacteria or protozoa. This is
particularly borne out by the differences between glucose, fructose and sucrose.
Fermentation of sucrose is almost inevitably preceded by hydrolysis to the constituent
monosaccharides. If these monosaccharides were then released generally into the
rumen fluid, it would be reasonable to expect them to be metabolized as are the infused
monosaccharides. If, however, only some of the bacteria that can ferment glucose and
fructose can also hydrolyse sucrose, then quite different populations of bacteria could
be involved in the fermentation of these three substrates particularly if the hydrolysis
occurs intracellularly or in close proximity to the cell so that the released monomers
do not become available to the general rumen microflora and fauna. Hungate (1966),
listing the fermentation of substrates by twenty-two different bacteria, reports several

species that can ferment one or two, but not all of the carbohydrates, glucose, fructose
and sucrose. Similarly the numbers that can ferment galactose (11), xylose (7) or
arabinose (10) are considerably fewer than those able to ferment glucose (18), fructose
(14) or sucrose (15).

Quantitative aspects of VFA production

In Tables 14 and 15, the recovery of fermented carbohydrate is presented. The
calculations have been based on carbon as a common denominator. These quantitative
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aspects of the fermentation can be calculated only from the in vitro experiments. How
far these results apply to the in vivo situation cannot be determined by the present
experiments although the similarity of the results from the two techniques in relative
terms is encouraging. A second problem is that results are insufficient to indicate
whether gross or net production of VFA is the more appropriate figure. This depends
on whether the fermentation which occurred in the control flasks continued at the
same rate in the presence of added carbohydrates, in which event net production

Table 14. Expt 3: percentage recovery of fermented carbohydrates in volatile fatty
acids (VFA) and lactic acid following in vitro incubation with rumen contents from
both cows.

(All carbohydrates were added at 375 mg/h. All results are calculated on a carbon basis.
The least significant difference (Lsp) (P = o0-05) among substrates is given)

Recovery
= A— A
VFA VFA +lactic acid
Lactic b A \ I A— S
Substrate acid Net Gross Net Gross
Cow Adelaide
Glucose 93 270 42°3 363 516
Fructose 130 280 432 41-0 563
Galactose oo 32°1 597 321 597
Xylose o0 336 62-9 336 629
Arabinose o0 335 639 335 639
5% LSD 2:3% 35 3'5 46 39
Cow Desmine
Glucose 48 306 434 354 482
Fructose 72 323 451 395 52°3
Galactose 00 345 59'1 345 59°1
Xylose 00 366 637 36-6 637
Arabinose o0 363 635 36°3 635
5% LSD 1-8% 82 111 52 77

¥ Calculated from the analysis of variance for glucose and fructose only, since only traces of lactic
acid were produced from the pentoses and none from galactose.

would be the true figure, or whether it was partially or completely inhibited, in which
event gross production or some intermediate value would be more correct. The only
evidence bearing on this point from the present experiments comes from a comparison
of carbon recovery from carbohydrates added at two different levels (Expts 3 and 4).
Agreement was better when calculations were based on net recovery than when they
were based on gross recovery. This suggests that net conversion may be the more
correct figure, but even this conclusion depends on the assumption that there is no
difference in the proportions of other products of fermentation, such as starch, at the
two levels of addition.

In Expt 3 (Table 14) recovery of metabolized carbohydrates in VFA and lactic
acid varied from 32 9%, to 419, on a net basis and from 489, to 649, on a gross basis.
Differences among the carbohydrates varied according to whether they were compared
on a net or gross recovery basis. Of the net recovery in VFA and lactic acid, about
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259, of the fructose and 209, of the glucose were in lactic acid. Recovery of glucose
in lactic acid was significantly less than that of fructose and recovery of glucose in
VFA plus lactic acid also tended to be less, though this was not always significant. In
Expt 4 (Table 15) recoveries were in a similar range, although gross recovery tended
to be greater for the carbohydrates added at half the standard level. Recovery of
metabolized sucrose in lactic acid and VFA plus lactic acid was significantly less than
recovery of metabolized glucose. The net recovery of metabolized carbohydrate in
VFA and lactic acid was low when considered in terms of the economy of utilization
of soluble carbohydrates by the ruminant yet it is supported by other in vitro studies.

Table 15. Expt 4: percentage recovery of fermented carbohydrates in volatile fatty
acids (VFA) and lactic acid following in wvitro incubation with rumen contents from
both cows

(All results are calculated on a carbon basis. The least significant difference (Lsb)
(P = o'o5) among substrates is given)

Recovery
Amount VFA VFA +lactic acid
added Lactic ———A——— — A—
Substrate (mg/2 h) acid Net Gross Net Gross
Cow Adelaide
Glucose 750 42 30'5 465 347 507
Sucrose 713 o0 286 446 286 446
Glucose 375 o0 31°9 640 319 64-0
Galactose 375 oo 320 72°3 320 723
Xylose 375 oo 343 715 343 715
5% LSD — o-o* 14 1-6 14 56
Cow Desmine
Glucose 750 83 303 415 38-8 50°0
Sucrose 713 2'0 303 416 323 436
Glucose 375 <X} 346 567 346 56-7
Galactose 375 o0 39°1 69'4 391 694
Xylose 375 00 365 66-1 36's 66-1
5% LSD — 2-g% 22 277 25 15

* Calculated from the analysis of variance for glucose and sucrose added at the higher level only.
No lactic acid was produced from the other substrates.

McNaught (1951) reported the recovery of 41-529%, of the carbon from xylose and
arabinose in VFA; this is rather higher than our net recovery values but she used a
longer period of incubation and did not correct for production in control flasks, which
she described as very low. Heald (1952) reported the recovery of 3656 9, of the carbon
from xylose in VFA; if corrected for production of VFA in control flasks, recovery
would be reduced to approximately 29-45%. Howard (1958) reported that only 309,
of the D-xylose and L-arabinose metabolized was converted into VFA in the early
hours of a 24 h incubation.

If it is accepted that only between 309, and 459, of the metabolized carbohydrate
is converted into VFA and lactic acid, it becomes important to consider what may be
the other products of fermentation. Information from various sources (McNaught,
1951; Howard, 1958; Thomas, 1960; Hungate, 1966) suggests that 30-459, of the
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carbon from metabolized carbohydrate is converted into VFA and lactic acid, about
309 into microbial polysaccharide, 10-13 %, into microbial protein and 11-14 9, into
carbon dioxide and methane. As has been discussed by McNaught (1951), consider-
able error is attached to many of these values.

The fate of the large amount of bacterial polysaccharide calculated to be formed is
not clear, though it may be of considerable significance to the carbohydrate economy
of the animal. In Expt 5 we found no evidence of appreciable production of VFA
from storage polysaccharide when the incubation was continued for 2 h after the last
addition of glucose or xylose but Thomas (1960) showed that storage polysaccharide
was gradually metabolized during a 24 h incubation. Whether the starch becomes
available for fermentation to VFA in the rumen would appear to depend on whether
the rate of passage of bacteria and protozoa out of the rumen exceeds the rate at which
the starch can be metabolized.

Relevance to fermentation of feeds

The significance of the results obtained in the present experiments in relation to the
fermentation of normal feeds in ruminants depends on various factors, of which the
availability of the substrates is dominant. Natural feeds usually contain only small
amounts of simple monosaccharides. Fresh herbage includes free sucrose, glucose
and fructose in variable amounts, the total rarely exceeding 15%, of the dry matter.
Certain roots contain large amounts of soluble carbohydrates; Gaillard (1958) reported
that 69 %, of the dry matter of mangolds was sucrose. By far the largest proportion of
the carbohydrates studied here is present as polymers or some other conjugated form
such as galactosyl lipid (Bailey, 1962). Free glucose has been detected in the rumen
during the fermentation of large amounts of starch from wheat (Ryan, 1964) or
maize (Sutton, unpublished) and free xylose hasalso been shown to accumulate during
xylan digestion (Howard, 1955; Pazur, Budovich, Shuey & Georgi, 1957), but in
general evidence is conflicting regarding the extent to which breakdown of carbo-
hydrate complexes involves the release of the free monosaccharide unit into the rumen
fluid (see Hungate, 1966).

There seems little likelihood that the fermentation of polysaccharides is closely
related to that of their constituent monosaccharides. Important cellulolytic and
xylolytic bacteria are unable to ferment monosaccharides and many sugar-fermenting
bacteria cannot attack polysaccharides. In the present experiments the fermentation
of sucrose differed clearly from that of glucose and fructose, emphasizing that it is
invalid to extrapolate results obtained from monosaccharides to even the simplest
polymer without experimental evidence.

Another important factor is the nature of the fermentation proceeding in the rumen
before the carbohydrates are added. In the present experiments cows were given a
large proportion of hay. Reducing the proportion of hay or giving the carbohydrates
themselves for an extended period might induce changes in the rumen fermentation,
There is some evidence that such changes result in the production of different pro-
portions of VFA from the same substrate (Eusebio, Shaw, Leffel, Lakshmanan &
Doetsch, 1959; Baldwin, Wood & Emery, 1963).
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The results of the present experiments have provided a firm basis for comparing the
fermentation of certain simple soluble carbohydrates but any attempt at extensive
extrapolation of these results, obtained under relatively simple and closely defined
conditions, to other and more complex situations should be avoided until more
evidence is available. The experiments have also confirmed findings of other workers
that only a relatively small proportion of soluble carbohydrate is converted directly
into VFA in vitro. There appears to be no evidence as to whether such low conversion
rates apply to the in vivo situation; information on this point is clearly needed.
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