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1. The main products of fermentation of 1,2-propanediol were n-propanol and propionic
acid, but variable amounts of acetic acid and carbon dioxide were also formed. The concentra-
tions of an intermediate propionaldehyde increased and then decreased.

2. A tentative scheme is suggested, showing that i,2-propanediol is first dehydrated to
propionaldehyde, which is then reduced to #-propanol. The scheme also explains the formation
of propionicand acetic acids and showshow the metabolism of 1,2-propanediol is related to that
of rhamnose.

3. Experiments with samples of rumen contents from animals on various diets showed
that 1,2-propanediol was metabolized most rapidly when the animals were given molassed
sugar-beet pulp. The rates of dissimilation of the diol increased with the concentration of
rumen contents and with the concentration of substrate.

4. The dissimilation of 1,2-propanediol by rumen micro-organisms resulted in an in-
creased uptake of hydrogen. The metabolic hydrogen, arising from the inhibition of methane
production by chloroform, appeared to be better utilized than the gaseous hydrogen.

5. Oxygen gas did not affect the utilization of 1,2-propanediol, but the diol increased the
uptake of oxygen by the rumen contents. The hydrogen and carbon balances were better when
1,2-propanediol was incubated anaerobically than in the presence of oxygen.

It was shown by Waldo & Schultz (1960) that 1,2-propanediol is a gluconeogenic
substance and that its administration to ruminant animals results in an increase in
blood glucose and in an increased production of propionic acid in the rumen. Emery,
Burg, Brown & Blank (1964) confirmed these findings and found that the metabolism
of 1,2-propanediol in the rumen results in an increase in the rumen concentration
of propionic acid and a decrease in acetic and butyric acids. Later, Emery, Brown &
Black (1967) used [2-14C]-1,2-propanediol-2 and rccovered 449, of activity in carbon
dioxide, 12%, in milk and up to 79, in urine. They concluded that a large proportion
of the diol was absorbed from the rumen intact and that some was metabolized in
the rumen to propionic acid—another glucogenic substance.

Recently, Czerkawski & Breckenridge (1972) observed that the metabolic pathways
involved in the dissimilation of 1,2-propanediol by rumen micro-organisms were
complex and related to those of rhamnose. The effect of dietary 1,2-propanediol
upon the energy metabolism of sheep was studied by Clapperton & Czerkawski
(1972 4). These studies confirmed that the infusion of 1,2-propanediol into the rumen
resulted in an increase in propionic acid concentration and a decrease in acetic acid
in the rumen and that 40 %, of the administered diol was metabolized to carbon dioxide.
The diol also resulted in small but consistent inhibition of methane production.
The diol disappeared rapidly from the rumen, but it was not clear whether it
was absorbed as such from the rumen or converted into products that were not
measured.

1,2-Propanediol can be metabolized in animal tissues such as the liver, and by
certain micro-organisms. In experiments with rats, it was shown by Rudney (1950,
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1954) that 1,2-propanediol phosphate is an intermediate in the metabolism of acetone,
and that the carbon from 1,2-propanediol can contribute substantially to the forma-
tion of liver glycogen. Lactaldehyde can also lead to increases in liver glycogen and
it might be involved in pathways leading from lactate to propanediol (Shull &
Miller, 1960). The most extensive studies of metabolism of 1,2-propanediol, mainly
in Aerobacter aerogenes, were made by Abeles and co-workers. It was concluded that
the dehydration of 1,2-propanediol to propionaldehyde appears to be an intramole-
cular oxidation-reduction reaction requiring vitamin B, coenzyme (Abeles & Lee,
1961) and that the coenzyme serves as hydrogen carrier (Brownstein & Abeles, 1961)
in the dehydratase system that also involves monovalent cations (Toraya, Sugimoto,
Tamao, Shimizu & Fukui, 1971).

The object of our work was to study the metabolism of 1,2-propanediol in the
rumen in greater detail, with particular emphasis on the end-products and upon the
involvement of the metabolism of the diol in the economy of metabolic hydrogen in
the rumen. The first part of the paper is concerned with the products of fermentation
of 1,2-propanediol by rumen micro-organisms and an attempt is made to demonstrate
the metabolic pathways involved. The second part is an investigation of the factors
that affect the metabolism of 1,2-propanediol by rumen micro-organisms.

EXPERIMENTAL

Animals and diets. In most experiments samples of rumen contents were obtained
from sheep that were given 500 g molassed sugar-beet pulp at 09.00 hours and 350 g
hay at 16.00 hours. The samples were taken before the morning fecd as described
previously (Czerkawski & Breckenridge, 1969) and strained through four layers of
cotton gauze. In some experiments, where comparison was made of the changes in
the fermentative capacity with dict, samples of rumen contents were obtained from
sheep or cows that had been on a given regimen for at least 3 weeks. As a rule, the
samples were taken before the morning feed.

Incubation procedures. Incubations were made in the artificial rumen described by
Czerkawski & Breckenridge (1969): samples of rumen contents were diluted as re-
quired with buffer solutions (McDougall, 1948) to a total volume of 500 ml, and
incubated for up to 8 h at 39° in vessels through which a mixture of carbon dioxide
and nitrogen (5:935) was bubbled in a closed system. Some samples were incubated
for short periods of time in syringes in a modified system described by Czerkawski &
Breckenridge (1970).

Analytical techniques. Most of the analytical techniques have been described pre-
viously (Czerkawski & Breckenridge, 1969, 1972). The concentrations of volatile
fatty acids in the reaction mixtures were determined essentially by the method of
Cottyn & Boucque (1968) using a Pye 104 gas chromatograph and Carbowax columns
at 145°. It was possible to determine the concentration of 1,2-propanediol under the
same conditions. The diol emerged between isobutyric and butyric acid. The con-
centrations of 1,2-propanediol in some experiments were also measured by the
colorimetric method of Jones & Riddick (1957).
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Table 1. Net production of volatile fatty acids, neutral C, compounds and carbon dioxide,
and inhibition of methane production (mmol) during incubation for 4 h of 1,2-propanediol
with rumen contents from sheep given sugar-beet pulp

(Rumen contents (290—300 ml) and artificial saliva (200-300 ml) were incubated with 1-0-1'5 g 1,2~
propanediol and the results were corrected for endogenous fermentation)

Recovery of

Products carbon
S (%)
Neutral C; ——r—
compounds In
1,2-Pro- Volatile fatty acids ——Ht Inhibi- volatile
Expt panediol ’ - ‘ n- Propion- tion of  fatty
no. used Acetic Propionic Butyric Propanol aldehyde CO, CH, acids Total
1003 106 140 019 3-60 1-60 o076 o1z 28 78
901 036 1-08 003 384 164 0°43 o'10 18 79
414 008 064 —o05 204 016 021 013 16 71

6-93 o004 084 003 4'24 o076 033 o-08 13 85
11°95 ooy 2-80 013 7°45 o83 017 o018 23 94
821 002 116 o006 3-84 1-63 043 013 15 82

[~ RV W S SR

The concentrations of n-propanol and propionaldehyde were determined as follows.
Samples of reaction mixture (5 ml) were mixed with equal volume of 1 M-H,SO,,
distilled slowly in a microdistillation apparatus and 5 ml of distillate were collected.
Virtually all the z-propanol and the propionaldehyde distilled over under these con-
ditions. The distillate was injected on the same Carbowax columns that were used for
volatile fatty acid analysis; the columns were operated at 70°. Under these conditions,
the propionaldehyde peak emerged after 1 min, and #-propanol peak emerged after
5 min. The amounts of propionaldehyde were cstimated independently by the diffu-
sion method for lactic acid (Conway, 1962) in which the oxidizing agent was omitted.
"The concentrations of lactaldehyde (as total aldchyde) were determined by titration
(Huff, 1959).

The concentration of acrylic acid was determined on composite gas-liquid chroma-
tographic columns as described by Noble & Czerkawski (1972) and the gases were
analysed as described by Czerkawski & Clapperton (1968).

RESULTS
Products of the metabolism of 1, 2-propanediol by rumen micro-organisms

Production of gases and volatile fatty acids. It was shown previously (Czerkawski &
Breckenridge, 1972) that the dissimilation of 1,2-propanediol was accompanied by the
production of propionic acid and a variable production of acetic acid. The concentra-
tions of butyric acid were never significantly different from those of controls and there
was invariably a small and consistent inhibition (10-309%,) of endogenous methane
production. The present experiments confirmed these findings fully, as shown by
some of the results summarized in Table 1. Propionic acid was the main known
product, the amounts of acetic acid produced were variable and there were no signifi-
cant amounts of butyric acid produced. Clearly, the volatile fatty acids accounted
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for only a small proportion of the substrate utilized. The fermentation of 1,2-pro-
panediol was accompanied by the production of carbon dioxide and a small but
consistent inhibition of methane production. The only other product measured during
the initial experiments was apparently lactic acid as determined by the diffusion
method of Conway (1962); in this method, the acid is oxidized to acetaldehyde and
determined as such. However, most of this apparent lactic acid that was formed during
metabolism was subsequently shown to be propionaldehyde.

Production of propionaldehyde and n-propanol. 1t was suspected that propionalde-
hyde might be one of the products of dissimilation of 1,2-propanediol since it was
observed that there was a consistent discrepancy between the concentrations of
1,2-propanediol determined by gas—liquid chromatography and those determined by
the colorimetric method of Jones & Riddick (1957). The colorimetric method in-
variably gave higher results, except in samples at the beginning and at the end of
incubation. In this method the diol is dehydrated to propionaldehyde or allyl alcohol
and these then react with ninhydrin. Calculations of hydrogen balance indicated that
hydrogen was used when propanediol was metabelized (production of propionic acid
and inhibition of methane production without accumulation of hydrogen) and
it was concluded that much of the unaccounted substrate carbon must have been
converted to a product that was more reduced than 1,2-propanediol. One possibility
considered was an increase in lipid synthesis. In a typical experiment, the lipid syn-
thesized in the control vessel at the end of incubation amounted to 7 mg and in the
vessel in which 1-0 g 1,2-propanediol had been fermented it amounted to 22 mg. In
another experiment the corresponding values were 5 and 12 mg respectively. These
amounts of lipids synthesized during incubation could account for only about 19, of
substrate utilized. Other experiments, in which the particulate matter was isolated
quantitatively from samples taken during incubation, showed that only very small
amounts of propanediol could have been converted to microbial cell material.

It was shown that propionaldehyde was one of the products of metabolism of
1,2-propanediol by rumen micro-organisms as follows. It could be readily distilled
and it reacted with diphenylhydrazine to give a product with a melting point that
differed little from the published value for the product of reaction of propionaldehyde
with diphenylhydrazine (155°). It reacted with semicarbazide, the distillate had the
typical fruity smell of propionaldchyde and on gas-liquid chromatography at 70° it
had the same retention volume as that of known samples of propionaldehyde. It
was subsequently determined by gas-liquid chromatography or by the lactate method
of Conway (1962) in which the oxidizing agent was omitted.

Although the presence of propionaldehyde in the products of the metabolism of
propanediol improved the recovery of carbon, the recoveries were still unsatisfactory,
ranging from 20 to 44%,. It seemed that the missing product must be a volatile com-
pound possibly related to propionaldehyde, since the concentrations of the aldehyde
initially increased and then diminished during the incubation. The alcohol #-propanol
seemed a strong possibility and its presence could be demonstrated by gas-liquid
chromatography at 70°. Its identity was established by oxidation to propionic acid
with KMnO, (Vogel, 1951). Propionic acid was formed in good yields (80-90%,). The
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Fig. 1. Utilization of 1,2-propanediol (Q), production of methane (), propionaldehyde (4),
n-propanol (&) and propionic acid (W) by rumen micro-organisms from sheep during
incubation in vitro. The concentrations of rumen contents in the incubation mixture were
200 ml/300 ml (@) and 400 ml/500 ml (b).

results in Table 1 showed that #-propanol was indeed the main product of the fer-
mentation of propancdiol and that when the formation of aldehyde and alcohol was
taken into account the recoveries of substrate carbon were between 71 and 94 %,.

The time-course of fermentation of propanediol, where 200 and 400 ml of rumen
contents were incubated with 1-5 g propanediol and artificial saliva to 500 ml, are
shown in Figs 1@ and 4. With the lower concentration of rumen contents (Fig. 14)
some substrate remained at the end of incubation. The concentration of propionalde-
hyde reached a maximum 4 h after the start. With the high concentration of rumen
contents (Fig. 1) all the substrate disappeared in 4 h and this was parallelled by
relatively rapid disappearance of propionaldehyde after reaching a maximum after
2 h of incubation. The concentration of #-propanol decreased between 4 and 6 h of
incubation and this was reflected by an increase in the production of propionic acid
and methane during the same interval. This agreed with previous observations
(Czerkawski & Breckenridge, 1972) that an incubation of n-propanol with rumen
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contents resulted in production of propionic acid and a stoichiometric amount of
methane.

Formation of minor products. Two substances were considered as likely intermediates
in the metabolism of 1,2-propanediol—Ilactaldehyde and acrylic acid. Lactaldehyde
can be reduced to 1,2-propanediol in rat liver ('T'ing, Sellinger & Miller, 1964) and it
was of interest to determine whether this reaction or its reverse might take place in
the rumen. A sample of lactaldehyde was prepared from threonine by the method of
Huff & Rudney (1959). When 5-9 mmol of this sample were incubated with 200 ml
of rumen contents diluted to 500 ml with buffer solution (McDougall, 1948), more
than half disappeared in 8 h, but only 209, of the substrate was converted to volatile
fatty acids (0-3 mmol acetate and o-2 mmol propionate). The concentrations of lac-
taldehyde were estimated approximately in reaction mixtures by measuring the dif-
ference between the total and volatile aldehydes. The results were very variable when
1,2-propanediol was incubated with rumen contents. The concentration of the
apparent lactaldehyde was different from zero in only three out of seven experiments,
and this occurred only after 1-3 h of incubation. The mean concentration for the
three experiments was o-25 mmol/vessel. This amount was small compared with
3—5 mmol diol used, and it was concluded that lactaldehyde is quantitatively not
important in the metabolism of 1,2-propanediol in the rumen, but the results did not
preclude the possibility that lactaldehyde might be an intermediate and could become
important under certain conditions, such as the lack of reducing power.

The concentrations of acrylic acid were determined more accurately than those of
lactaldehyde. The maximum concentrations observed were between o-04 and o-06m
mol/vessel, and often none could be detected. Acrylic acid is an important inter-
mediate in the direct reductive pathway of formation of propionic acid from pyruvate
(Ladd & Walker, 1959) and it could also play a part in the metabolisin of 1,2-propane-
diol, athough quantitatively, it did not appear important in the present experiments.

Factors affecting the metabolism of 1,2~propanediol by
YUIMER WICYO-0TGanisms

Effect of diet on the capacity of rumen contents to dissimilate 1,2-propanediol. In this
series of experiments, samples of rumen contents were strained and incubated in
syringes (Czerkawski & Breckenridge, 1970) either with no addition (control) or with
glucose (2 mg/ml, reference) or with 1,2-propanediol (2 mg/ml). Some of the pertinent
results are summarized in Table 2. The capacity of the rumen contents to ferment
glucose, as shown by the net amounts of total volatile fatty acids formed, varied widely
with the type of diet. When the rumen contents were incubated with 1,2-propanediol,
the production of three-carbon metabolites, that is propionic acid, propionaldehyde
plus n-propanol was small with roughage rations but was much greater with the con-
centrate rations. The rates of production of the three-carbon metabolites were parallel
with the rates of disappearance of the diol. Although the acid production from
glucose by the rumen contents from sheep given molassed sugar-beet pulp was not
exceptionally high (compare flaked maize—hay-barley diet), the rumen contents from
sheep given the pulp showed the greatest capacity to ferment 1,2-propanediol.
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Table 2. Capacity of various samples of rumen contents to
ferment 1,2-propanediol in 4 h

Total volatile Total C,
fatty acids substances
produced from produced from 9% 1,2-
glucose propanediol propanediol
Diet {mmol/l) (mmol/i) used

(1) Hay 81 I'4 22
(2) Dry grass cube 138 14 41
(3) Concentrate-hay 37 29 49
(4) Goat mix 123 81 63
(5) Flaked maize-hay-barley 86-4 63 68
(6) Molassed sugar-beet pulp 99 19°5 100

1. Sheep given hay (6co g) at 09.00 and 16.00 hours.

z. Sheep given a dry grass cube (Czerkawski, 1966) 450 g at 09.co hours, and 450 g and 150 g hay
at 16.00 hours.

3. Cows given 1-4 kg concentrate and 32 kg hay, twice daily.

4. Sheep given 290 g goat mix and 250 g hay at 09.00 and 16.c0 hours.

5. Sheep given mixture of flaked maize 180 g, hay 1oo g and barley 720 g.

6. Sheep given sugar-beet pulp (500 g) at 09.00 hours and hay (350 g) at 16.00 hours.

Table 3. Effect of substrate concentration upon the fermentation of 1,2-propanediol by
rumen contents from sheep given sugar-beet pulp

(Mean rates between 2 and 4 h of incubation)

Substrate Utilization Products (mmol/h)
concentration of propanediol I
(mmol/vessel*) mmol/h Acetate Propionate n-Propanol
66 1-05 027 032 050
132 1'55 030 ©29 o7t
264 1-95 053 o028 085
52°8 432 —o'37 o1y 069

* Containing 500 ml.

Effect of concentration of substrate. Some results of experiments in which the con-
centration of 1,2-propanediol was varied have already been reported (Czerkawski &
Breckenridge, 1972). In those experiments, neither propionaldehyde nor #-propanol
was determined. The more complete results of a typical experiment, in which 300 ml
rumen contents and 200 ml artificial saliva were incubated with various amounts
of 1,z-propanediol are given in Table 3. The rates of utilization of the substrate and
rates of formation of products increased with substrate concentration up to the
concentration of 2-0 g/vessel. The highest concentration that was used (4 g/vessel)
resulted in some inhibition of formation of products, but not in disappearance of sub-
strate. This could be of importance in practice (Waldo & Schultz, 1960), since 4 g/
300 ml rumen contents is equivalent to approximately 6o g/rumen of sheep. Thus,
on the basis of the present results, when one contemplates the addition of this amount
to the ration, one should not add it to a single meal.

Effect of concentration of rumen contents. Some of the results of a typical experiment,
in which strained rumen contents were diluted with artificial saliva (100 ml) and
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Table 4. Effect of concentration of rumen contents from sheep given
sugar-beet pulp on the metabolism of 1,2-propanediol

(The results are the initial and final rates (mmol/h) measured at 2 h (I) and between 4 and
6 h of incubation (F))

Concentra-
tion of Utilization Products
rumen of -
contents  propanediol Acetic Propionic n-Propanol Propionaldehyde
(ml/ I S— e e h— I s
vessel) ¥ 1 F I F I F 1 F I F
100 035 o021 007 005 003 ooy 012 013 006 0'02
200 ©'53 o1t o1t o'10 c-o7 o'14 027 o1y 0’10  —o002
300 074 ooy oz6 039 o1y o011 038 o013 014 -016
400 o 86 ¢ 00 040 0-08 0°35 028 0°45 013 -016 -o007

¥ Containing soo ml.

Table 5. Effect of gaseous hydrogen on fermentation of 1,2-propanediol with
rumen contents of sheep given sugar-beet pulp

CH, formed H, used n-Propanol Propionic acid

Additive (ml) (ml) (mmol/vessel) (mmol/vessel)
Control 144 — — 031
15 g diol 83 — 625 313
1oo mi H, 247 655 — o071
1-5 g diol+ 100 ml H, 151 707 605 2-80

water up to a total volume of 500 ml, and incubated with 1-0 g 1,2-propanediol for
6 h, are shown in Figs 14 and &. In the same experiment, not shown in Fig. 1, two
other concentrations of rumen contents were used, namely 100 and 300 ml/500 ml
reaction mixture. The results are summarized in Table 4. In general, the initial
formation of products increased with the concentration of rumen contents, some-
times the rates being disproportionately large or small at high concentration of rumen
contents. In the final stages of incubation, particularly when all or most of the substrate
had been utilized, the concentrations of propionaldehyde decreased. It could be
shown by extrapolation and from other experiments, that the maximum concentration
of propionaldehyde occurred at about 6, 4'5, 3 and 1 h with 20, 40, 60 and 809,
inoculum respectively.

Effect of gaseous hydrogen on fermentation characteristics of 1,2-propanediol. Some of
the results of a typical experiment are shown in Table 5. In this experiment 400 ml
rumen contents were incubated with 100 ml artificial saliva, without additions, with
1-5 g 1,2-propanediol, with 100 ml hydrogen in the gas phase or with both additions.
There was no significant difference in the production of acetic acid and there was no
difference in the utilization of propanediol. The diol increased hydrogen uptake and,
as was shown previously, it inhibited methane production. Addition of hydrogen to
the vessel in which propanediol was fermented resulted in increased production of
n-propanol and decreased production of propionic acid. With hydrogen, the inhibition
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Table 6. Effect of 1,2-propanediol on inhibition of methane production by chloroform
and accumulation of hydrogen gas during incubation with rumen contents of sheep given
sugar-beet pulp

Methane H,
production accumulation
(ml/h) (ml/h)
Expt 1 Control 405 o004 (0)
+ CHCl, 075 212 (0)
+ 1,2-propanediol 3735 o004 (2°6)
+ CHCI; + 1,2-propanediol 074 o025 (4°1)
Expt 2 Control 172 o010 (7-2)
CHCl, 22 520 (21°5)
1,2-propanediol 141 o-10 (7'5)
CHCl;+ 1,2-propanediol 1o 320 (5°1)

Expt 1. 300 ml rumen contents, 200 m] artificial saliva, 1-0 g 1,2-propanediol or 2 ul CHCI; or both.
No other substrate added. The ratios of the rate of production of r-propanol to propionic acid are given
in parentheses.

Expt 2. 300 ml] rumen contents + 200 ml artificial saliva, o'5 g 1,2-propanediol or 1 #1 CHCI; or
both, Infused sodium formate at a constant rate of 120 mg/h in all vessels. The accumulation of sodium
formate expressed in mg/h is shown in parentheses.

Table 7. Effect of oxygen on fermentation of 1,2-propanediol

(The results are mean values after 4~6 h of incubation of 300 ml rumen contents of sheep and
200 ml artificial saliva with and without propanediol (1 g) or oxygen (100 ml). Each vessel
also contained 1 g glucose)

Volatile neutral

Volatile fatty acids compounds Gases
Pro- (mmol) (mmol) (ml)

panediol SIS A N e - \
used Pro- Propional  #- CH, O,

Additive (mmol) Acetic pionic Butyric dehyde Propanol produced used
None — 2°90 3°10 185 — — 270 —
Propanediol 12°1 4-00 455 165 1-30 5-85 15°1 —
Oxygen — 475 310 200 — — 102 16-8
Propanediol +oxygen  11°3 461 3°95 165 2°07 550 36 234

There was net accumulation of polysaccharide of 0-40, 0-83, 1-33 and 1-03 mmol in the four vessels
respectively (expressed as hexose).
Carbon recovery from 1,z-propanediol was: with O, 57 %, without O, 88 %,.

of methane production was increased by 3-5 ml and would make 140 ml of hydrogen
available together with the increased uptake of 5-2 ml, making 19-2 ml or 0-85 mmol.
Since the conversion of 1 mol propionic acid to z-propanol requires 2 mol hydrogen,
the increased uptake of hydrogen (o-85 mmol) agrees well with the changes in propionic
acid and #-propanol (o-40 and o0-33 mmol respectively).

These results cannot be taken as conclusive, for, although similar results were
obtained in two other experiments of this type, in one further experiment, 1,2-pro-
panediol actually slightly depressed the uptake of gaseous hydrogen and in one there
was no significant change of uptake. Thus, it seems that although the metabolism of
1,2-propanediol requires a supply of hydrogen, it should be metabolic hydrogen
rather than in gaseous form.

Effect of metabolic hydrogen on the metabolism of 1,2-propanediol. When methane
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Table 8. Hydrogen balance in the incubation of 1,2-propanediol with
rumen contents with and without oxygen

(mmol H; produced (+) or used (—))

Product Without O, With O,
Acetate +440 —o56
Propionate +1-45 + 085
Butyrate —1°20 —2'10
n-Propanol —35-83 ~ 3550
CH, — 071 —0°39
Algebraic sum —1'91 —~40
Unaccounted substrate 1°45 4'95
mol H, used/mol substrate 13 15

production is inhibited by chloroform, there is an accumulation of hydrogen (cf.
Czerkawski & Breckenridge, 1971), but the amounts are less than expected. Therefore,
it was of interest to know whether this hydrogen could be redirected to the 1,2-pro-
panediol metabolism. Some of the relevant results of two experiments are sum-
marized in Table 6. In Expt 1, there was considerable inhibition of methane produc-
tion with chloroform and much less inhibition with 1,2-propanediol. Further, the
chloroform inhibition resulted in accumulation of hydrogen, which was markedly
reduced in the presence of 1,2-propanediol. The addition of chloroform increased the
ratio of n-propanol produced to propionic acid produced. In Expt 2, where methane
production was increased by infusion of formate, similar results were obtained, but
in the presence of propanediol, the reversal of the accumulation of hydrogen was less
than in Expt 1. However, only o-5 g of the diol was used in this experiment compared
with 1-0 g in Expt 1. Chloroform resulted in a small reduction of utilization of formate
(10%) and this was reversed when 1,2-propanediol was present. In general, the
presence of chloroform had little or no effect on the utilization of 1,2-propanediol, but
in some experiments the utilization was increased.

Effect of oxygen on the metabolism of 1,2-propanediol. The cxperimental procedure
and some of the results of an experiment to investigate the effect of oxygen on the
fermentation characteristics of propanediol are shown in Table 7. The addition of
oxygen to the gas phase made only little difference to the utilization of 1,2-propanediol.
It decreased the production of propionic and increased the production of acetic acid
from the diol, increased the accumulation of propionaldehyde and decreased the
production of #-propanol. Oxygen also inhibited mcthane production, and the uptake
of oxygen increased when 1,2-propanediol was included in the mmcubation mixture.
The recoveries of 1,2-propanediol carbon without and with oxygen were 88 and 579,
respectively. It was unlikely that the low recovery was due to deposition of storage
polysaccharides; these were measured and included in the calculations. Also, at the
end of the incubation (4-6 h) all the glucose had been utilized. Oxygen is an acceptor
of hydrogen, thus a competition for hydrogen would be expected to (a) inhibit methane
production, (#) decrease the production of z-propanol and (¢) increase the accumula-
tion of its precursor, propionaldehyde. An attempt to arrive at a hydrogen balance is
shown in Table 8. To calculate the hydrogen balance it is necessary to assume simple
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reactions that probably do not really exist. The conversion of propanediol into most
of the products considered here should result in net production of hydrogen (see the
scheme in Fig. 2). Thus we would expect the following number of moles of hydrogen:
propionate 1, lactaldehyde 1, lactate and acrylate 2, pyruvate 3, acetate-+ carbon
dioxide 4, and ! butyrate+ carbon dioxide 3. The conversion of the diol into pro-
pionaldehyde is a simple dehydration. The conversion of propanediol to #-propanol
results in the uptake of 1 mol hydrogen and the unlikely conversion to 3 mol methane
would result in the uptake of 4 mol hydrogen. The net uptake of hydrogen during
incubation without oxygen and the large net uptake of hydrogen when oxygen was
added to the gas phase were roughly proportional to the amounts of unaccounted
substrate utilized. These results suggest that some of the diol 1s reduced to an unknown
product other than z#-propanol, and that the amount of this substance is increased when
the diol 1s incubated under oxygen.

In other similar experiments, where two levels of oxygen were used, the pro-
pionaldehyde concentrations increascd due to addition of oxygen in early stages of
reaction only. Other changes were similar to those observed in Table %, but were of
smaller magnitude.

DISCUSSION
Metabolic pathways

It was known a long time ago that rhamnose is cleaved to dihydroxyacetone and
lactaldehyde, and it was shown by Kluyver & Schnellen (1937) that 1,2-propanediol
was one of the main products in the digestion of rhamnose by a bacterium, other pro-
ducts being acetic, succinic and formic acids.

On the basis of the results reported here and those reported previously (Czerkawski
& Breckenridge, 1972), it is possible to devise a tentative scheme for the metabolic
pathways involved in the dissimilation of 1,2-propanediol and rhamnose in the rumen.
This is shown in Fig. 2, where tentative reactions are marked by broken arrows. It
has been shown conclusively that 1,2-propanediol is converted into propionaldehyde
and this in turn is reduced to z#-propanol. It is not certain whether the propionic acid
is produced direct from propionaldehyde, or from propanol or more indirectly through
lactaldehyde, lactate and acrylate. It was shown here and more direct in previous ex-
periments (Czerkawski & Breckenridge, 1972) that #-propanol can be converted into
propionic acid with stoichiometric production of methane. Clearly, some of the diol
is converted to propionic acid, therefore one or more of the three tentative pathways
might really operate.

In comparative experiments, not reported here, the fermentation of rhamnose re-
sulted in production of both propionaldehyde and n-propanol, though in smaller
amounts than those obtained from propanediol (with propanediol, 0-49 and 1-05 mmol/
h of propionaldehyde and propanol respectively; with rhamnose, 0:08 and 0-21 mmol/h
of propionaldebyde and propanol respectively). There is no other pathway from
rhamnose to propionaldehyde and n#-propanol than through lactaldehyde and it must
be accepted that lactaldehyde is an intermediate in dissimilation of rhamnose, and
that it can be reduced to 1,2-propanediol, but there is no direct evidence of the reverse
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Rhamnose 1,2-Propanediol
l ~2H
Rbamnulose oH ~H,0

l

Rhamnulose-1-P

o T~ \

Dihydroxyacetone-P + Lactaldehyde Propionaldehyde
1~
- 2
<« o —an [T o o
Pyruvate g 2 Lactate e
—2H 7
-H,0 L7 —2H +2H
+4H e
e
—2H Succinate Acrylate P ~2H
l+ 7
e
¥ —4H h
Acetate+CO, Propionate & ~——— ———~—— n-Propanol

Fig. 2. Tentative scheme for the metabolism of rhamnose and 1,2-propanediol in the rumen.
The broken arrows indicate that there is no conclusive experimental evidence for these
reactions.

reaction. There is also no direct evidence of the interconversion of lactaldehyde and
lactic acid. However, the existence of such reactions would help to explain the for-
mation of acetic acid during incubation of 1,2-propanediol with rumen contents.
Nevertheless, it is possible that acetic acid is formed from propionic acid by reversal
of the succinate pathway.

The proposed scheme gives a general picture of the metabolism of rhamnose and
1,2-propanediol, but it tells us nothing about the energetics of the various reactions
and whether they occur in a single micro-organism or in related groups of micro-
organisms. These problems will require a considerable amount of further work.

Conditions of fermentation

It was demonstrated that although the rate of dissimilation of 1,2-propanediol by
rumen micro-organisms Increases with the concentration of substrate, it shows a
maximum beyond which the rate of formation of products declines and the diol actually
begins to interfere with the basal rumen fermentation. The maximum amounts might
be greater than calculated on the basis of the present results, because the rumen
contents are in a state of flux and because the diol might be absorbed directly through
the rumen wall and metabolized in the liver.

The rate of dissimilation of 1,2-propanediol also depended upon the concentrations
of rumen micro-organisms. It was shown conclusively that the main intermediate in
the conversion of the diol into #-propanol is propionaldehyde, but extrapolation of
the present results indicates that with undiluted rumen contents from animals on
a suitable diet, with moderate concentration of substrate, the increase in the concen-
tration of the aldehyde would be ephemeral. The reaction 1,2-propanediol - 7-
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propanol makes the diol an acceptor of excess metabolic hydrogen, and it is this that
could make 1,2-propancdiol so useful in situations where the normal, though wasteful,
scavenger of excess hydrogen — namely methanogenesis —is inhibited. The present
results indicate that with undiluted rumen contents and moderate amounts of diol,
the conversion into z#-propanol is likely to go further, and lead to the production of
propionic acid and net production of hydrogen and, ultimately, methane. Although
1,2-propanediol can successfully compete with the methanogenic system for metabolic
hydrogen, its dissimilation results in a relatively small uptake of hydrogen compared
with methanogenesis (Clapperton & Czerkawski, 19724). This, together with the
limitations discussed above, make it unsuitable as an inhibitor of methane production.
However, when methane production is inhibited by some other means, for instance,
by administration of chloroform, the presence of propanediol might be very useful
in that its metabolism would utilize the relatively small amounts of hydrogen associated
with such inhibition (Clapperton & Czerkawski, 19725). Whether 1,2-propanediol is
absorbed as such or absorbed as propionic acid or #-propanol, the result is increased
glucogenesis, although the oxygen requirement and energetic efliciency may vary.

The increased oxygen uptake during dissimilation of 1,2-propanediol in spite of
the fact that the reaction is in effect a hydrogen-accepting system, leads to a specula-
tion that the organisms that metabolize the diol are facultatively aerobic. It is conclu-
ded that under normal conditions that obtain in the rumen, 1,2-propanediol is meta-
bolized as suggested in the scheme (Tig. 2), but under certain conditions, such as
partial aerobiosis, some other unknown pathways are involved.

Finally, the ability of rumen micro-organisms to dissimilatc 1,2-propanediol de-
pends on the diet of the host animal. On the basis of the limited number of diets
investigated, molassed sugar-beet pulp appears to be the diet of choice. It might be
pertinent to note that the molassed sugar-beet pulp contains an unusually high pro-
portion of rhamnose, a sugar whose fermentation appears to be related to that of
1,2-propanediol.

We are grateful for the expert assistance of Mrs C. Faulds.
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