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were collected 3 h post-feeding and pH was
determined immediately. The ruminal contents
were incubated anaerobically at 39 °C for 30
min. Bacteria were collected from the middle
section of the flask. Ruminal fluid was
anaerobically diluted 10-fold in a basal medium
containing salts, cysteine hydrochloride, Na2S,
vitamins, microminerals,
mercaptoethanesulfonic acid, a volatile fatty
mixture, Trypticase, and yeast extract. When
acetate concentrations were reduced from 100
mM to as low as 0 mM, sodium acetate was
replaced with sodium chloride. The medium
containing ruminal microorganisms was
anaerobically transferred to serum bottles. One
atmosphere of hydrogen gas was added with a
hypodermic syringe. The bottles were incubated
at 39 °C. Head space samples were removed, and
methane was measured with a gas
chromatograph. Volatile fatty acids in cell and
particle-free ruminal fluid were analyzed by
high-pressure liquid chromatography.

Results
When a fistulated cow was fed an all forage diet,
ruminal pH remained more or less constant (6.7
to 6.9). The ruminal pH of a concentrate-fed cow
decreased dramatically in the period soon after
feeding, and the pH was as low as 5.45. Mixed
ruminal bacteria from the forage-fed cow
converted CO

2
 and H

2
 to methane, but the

ruminal fluid from the concentrate-fed cow did
not produce methane. When the pH of the
ruminal fluid from the concentrate-fed cow was
adjusted to pH 7.0, methane was eventually
detected, and the absolute rate constant of
methane production was as high as the one
observed with ruminal fluid from the forage fed
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Introduction
Methane is a major end product of ruminal
fermentation and, in cattle, methane losses can
represent as much as 10% of the dietary energy.
Ruminal methanogenesis represents an
alternative mechanism of reducing equivalent
disposal for carbohydrate-fermenting bacteria,
but interspecies hydrogen transfer is only
exergonic at very low partial pressures of
hydrogen. If the methanogens are inhibited,
hydrogen accumulates, the hydrogenases are
inhibited, and the carbohydrate-fermenting
bacteria utilize other mechanisms of reducing
equivalent disposal (e.g., the dehydrogenases of
propionate production). It has long been
recognized that the addition of cereal grains to
ruminant diets causes a decrease in methane and
an increase in propionate production, but the
cause of this fermentation shift was not clear.
Some starch-fermenting ruminal bacteria
produce propionate, but starch feeding can also
cause a decrease in ruminal pH and a marked
shift in the numbers of other ruminal bacteria.
Despite the fact that ruminal methanogenesis is a
key determinant of fermentation stoichiometry,
the effect of pH on ruminal methanogens had not
been examined previously.

Materials and Methods
Rumen contents were obtained from two
ruminally cannulated, mature Holstein cows. The
cows were housed in a tie-stall barn, fed twice
daily and provided with water ad libitum. The
cows were fed either a forage diet (timothy hay)
to provide a high ruminal pH or a concentrate
diet (corn and soybean meal) to induce a low pH
ruminal environment. Ruminal pH was
monitored at 2 hour intervals. Ruminal contents
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cow (0.32 h-1). Based on the zero-time intercepts
of methane production, it appeared that the
concentrate-fed cow had fewer methanogens
than the forage-fed cow. When the mixed
ruminal bacteria were incubated in a basal
medium containing 100 mM acetate,
methanogenesis was pH-dependent, and no
methane was detected at pH values less than 6.0.
Because the removal of acetic acid completely
reversed the inhibition of methanogenesis, it
appeared that volatile fatty acids were causing
the pH-dependent inhibition.

Discussion
Pure cultures of ruminal bacteria often produce
end products, such as ethanol, that are not
detected in the rumen; and methanogens, by
consuming hydrogen, can alter the profile of
fermentation end products in mixed culture
environments like the rumen. When reducing
equivalents are transferred from carbohydrate-
fermenting ruminal bacteria to methanogens,
acetate increases and propionate generally
declines. Hydrogen and carbon dioxide are the
primary sources of methane in the rumen, and
acetate is not a significant precursor for ruminal
methane.

The methane production of cattle is relatively
difficult to measure, but methane can be
estimated from the stoichiometry of the
fermentation acids. Based on fermentation acids
alone, the methane production of the forage-fed
cow would have been 1.5-fold greater than the
concentrate-fed cow:

100 glucose → 134.5 acetate + 31.9
propionate + 16.8 butyrate + 31.9 H2O + 100.8
CO2 + 67.2 CH4,

versus

100 glucose → 9.9 lactate + 93.2 acetate +
52.2 propionate + 22.4 butyrate + 48.4 H2O +
93.2 CO2 + 44.7 CH4.

These balances, however, do not consider the
fact that bacterial cells are also end products of
ruminal fermentation. Because microbial cells
have a negative oxidation-reduction state, cell
production can have a significant impact on the
estimate of methane production. Based on an
empirical formula of C1.00H1.58O0.77 and an
oxidation-reduction state of -1.69, and a yield of
30 g cells per 100 g carbohydrate fermented, the
methane estimate was considerably lower and
the difference between forage-fed and
concentrate-fed cows was greater:

100 glucose → 94.1 acetate + 22.4
propionate + 11.8 butyrate + cells [C180H284O85] +
94.1 H2O + 82.4 CO2 + 35.3 CH4

versus

100 glucose → 7.0 lactate + 65.2 acetate +
36.5 propionate + 15.7 butyrate + cells
[C180H284O84] + 86.0 H2O+ 87.0 CO2 + 9.6 CH4 +
29.1 H2

Based on these latter stoichiometries, the
concentrate-fed cow was producing some
methane, but ruminal fluid obtained 3 h after
feeding had a pH of 5.4 and did not produce
methane, even if hydrogen was added. The
inhibitory effect of low pH was supported by a
variety of observations: 1) the addition of base to
the ruminal fluid from the concentrate-fed cow
allowed methane production, 2) the zero-time
intercept of methane production indicated that
the concentrate-fed cow had fewer (or less
active) methanogens than the forage-fed cow,
and 3) bacteria from the forage-fed cow could
not produce methane if the pH was less than 6.0.

The toxicity of acetate at low pH has been
explained by the influx of acid and metabolic
uncoupling, but this theory does not explain why
some bacteria are inhibited and others are not
affected. When the internal pH is more alkaline
than the external pH (∆pH), volatile fatty acids
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will cross the cell membrane, dissociate and
accumulate intracellularly. Because the volatile
fatty acid concentration of ruminal fluid is
relatively high, an even modest increase in ∆pH
can lead to a dramatic increase in intracellular
volatile fatty acid anions. The intracellular pH
regulation of methanogenic bacteria has not been
examined in a systematic fashion, but some
methanogens have large pH gradients across
their cell membranes at acidic pH values.

Methane is a �greenhouse gas,� and methane
accumulation in the atmosphere has been cited as
a factor in global warming. Methane appears to

have as much as a 60-fold higher global warming
potential than carbon dioxide. Ruminants have
always been included as significant producers of
atmospheric methane, but their overall contribu-
tion has been a lively subject for debate. The pH-
dependence of ruminal methanogens provides a
basis for predicting methane production. Because
poor quality forage diets never cause a signifi-
cant decrease in ruminal pH, these diets should
always produce large amounts of methane. High
quality, concentrate diets have the potential to
decrease methane production, but only if the
intake is high enough to cause a reduction in
ruminal pH.


