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ABSTRACT

This study evaluated the effects of dilution rate and
forage-to-concentrate ratio on gas production by rumen
microbes. Continuous cultures were used to monitor
methane production at three liquid dilution rates (3.2,
6.3, or 12.5%/h) and three forage-to-concentrate ratios
(70:30, 50:50, or 30:70). Filtered ruminal contents were
allowed 6 d of adaptation to diets followed by 7 d of
data collection. Forage consisted of pelleted alfalfa and
the concentrate mix included ground corn, soybean
meal, and a mineral and vitamin premix. The experi-
ment was replicated in a split-plot design. Total volatile
fatty acid production averaged 58.0 mmol/d and was
not affected by treatment. Molar proportion of acetate
increased with increasing forage-to-concentrate ratio.
Molar proportion of propionate tended to decrease at
dilution rate of 12.5%/h and increased with the medium
and low forage-to-concentrate ratio. Culture pH tended
to be greater at a dilution rate of 12.5%/h. Methane
production that was calculated from stoichiometric
equations was not affected by treatments. However,
methane production based on methane concentration
in fermentor headspace resulted in an interaction effect
of treatments. Stoichiometric equations underesti-
mated methane output at higher dilution rates and
with high forage diets. Total diet fermentability was
lowest at dilution rate of 3.2%/h. Increasing dilution
rates increased microbial yield; increasing the propor-
tion of concentrate improved microbial efficiency. Dilu-
tion rate and forage-to-concentrate ratio altered the
partition of substrate by microbes. Methane production
based on actual concentrations differed from values es-
timated using stoichiometry of end-product ap-
pearance.
(Key words: continuous culture, methane production,
stoichiometric equation, microbial energetics)
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Abbreviation key: A:P = acetate-to-propionate, F:C =
forage-to-concentrate ratio, HF = high forage (70 for-
age:30 concentrate), LF = low forage (30 forage:70 con-
centrate), MF = medium forage (50 forage:50 con-
centrate).

INTRODUCTION

Volatile fatty acids, CO2, and methane (CH4) are the
major end products of anaerobic fermentation of feeds
in the rumen. Stoichiometric equations relating sub-
strate degradation to VFA and gas production have
been developed and are commonly used to estimate
digestibility of ruminant feeds (Wolin, 1960; Russell
and Baldwin, 1979; Menke et al., 1979; Van Soest,
1994). Total gas production is increasingly used as a
measure of the fermentation potential of feeds (Beuvink
and Spoelstra, 1992; Pell and Schofield, 1993). Because
the composition of the end products influences the
amount of gas produced, a close relationship between
the two has been reported (Naga and Harmeyer, 1975;
Taya et al., 1980; Menke and Steingass, 1988). How-
ever, rate of fermentation can vary with carbohydrate
fraction; rapidly fermenting carbohydrates may not al-
ways result in larger amounts of total gas production
(Beuvink and Spoelstra, 1992). Also, total gas yield can
vary considerably due to the incorporation of carbons
into microbial mass as well as the different metabolic
pathways by which carbohydrate fractions can be de-
graded by rumen microbes (Krishnamoorthy et al.,
1991; Beuvink and Spoelstra, 1992; Van Soest, 1994).
The relationship between microbial biomass and gas
yield can vary also with growth conditions (Krishna-
moorthy et al., 1991; Blümmel et al., 1997). With short-
duration incubation studies, fermentation rate as mea-
sured by gas production has been used as an index of
net growth yield of rumen microorganisms (El-Din and
El-Shazly, 1969). Extending the period of incubation
reduced net growth of microorganisms even though gas
production continued to increase (Raab, 1980). In-
creased lysis of microbial cells as a consequence of sub-
strate exhaustion and uncoupled fermentation may
contribute to reduced net growth at longer incubation
times (Van Nevel and Demeyer, 1977). Changes in mi-
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crobial yield or metabolism may alter the relationship
between substrate digestion and gas production and
could affect the estimation of digestion rate from gas
measurements (Doane et al., 1997). Previous studies
do not make any distinction between CO2 and CH4 and
assume that the latter arises directly from the former
(Beuvink and Spoelstra, 1992; Theodorou et al., 1998).
There is evidence to suggest that more than one fermen-
tation metabolite may be used for the production of CH4
(Miller, 1995). Methanogens have been shown to have
variable affinities for hydrogen and are capable of alter-
ing their growth rates depending upon the availability
of hydrogen and CO2 (Morgan et al., 1997). No study
has compared actual CH4 production in mixed ruminal
cultures to estimates based on stoichiometric equations.
In addition, the generation of microbial biomass can be
a sink for reducing equivalents and, if ignored, it can
result in the overprediction of CH4 output (Wolin, 1960;
Hungate, 1967).

The objective of the present study was to determine
CH4 production by mixed ruminal microbes under dif-
ferent dilution rates and dietary treatments. Direct
measurements of CH4 concentration in fermentor head-
space were compared with estimates of CH4 production
based on stoichiometric equations.

MATERIALS AND METHODS

Incubation Conditions

A mature lactating Holstein cow fitted with a rumen
cannula was fed a diet consisting of 63% roughage and
37% concentrate. Grab samples of ruminal contents
were taken from various sites within the reticulo-ru-
men, filtered through double-layered cheesecloth, and
transported to the laboratory in sealed, preheated con-
tainers. In the laboratory, contents from the containers
were filtered again through double-layered cheesecloth
into a large, wide-mouth beaker and mixed thoroughly
before pouring into the fermentors. The preparation
time of the ruminal contents in the laboratory did not
exceed 15 min. Approximately 700 ml of the strained
ruminal fluid was transferred into each of three fer-
mentors with a continuous dual-flow system (Teather
and Sauer, 1988). The design of the fermentors allows
for natural stratification of contents similar to the way
it occurs in the rumen. The stratification of the fer-
mentor contents is accomplished with the presence of
a glass “T” that serves as the fermentor overflow. The
entrance to the outlet “T” is near the bottom of the
suspended particle phase, which allowed for differential
liquid and solid turnover rates. The presence and main-
tenance of the “mat” in the cultures and the relatively
slower rate at which culture contents are stirred (10 to
12 rpm) in these fermentors allow protozoal populations
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to remain in cultures over extended periods. We did not
directly measure protozoal populations in the present
study. However, protozoa were visually present in the
fermentors for the duration of the experiment. Follow-
ing inoculation, protozoa were consistently discernible
as large white bands within the fermentors. Over a 1-
to 2-d period, the protozoa tended to localize either at
the base or the bottom of the overflow port, areas that
seemed to have the slowest turnover rate. The close
association between the methanogens and protozoa and
the sustained production of methane at high levels in
these fermentors for extended periods of operation also
suggests that protozoa are maintained during the dura-
tion of the study. Several hours prior to the addition of
the ruminal fluid, the system was purged with CO2 gas.
To displace O2 and maintain anaerobic conditions in
the vessels, the rate of CO2 flow through the fermentors
was fixed at 20 mL/min throughout the experiments.
A circulating water bath was used to maintain the tem-
perature of the fermentors at 39°C. Continuous stirring
of fermentor contents was achieved with the aid of a
central paddle set at a speed of 10 rpm. Artificial saliva
was prepared as described by Slyter et al. (1966) and
delivered continuously at 0.73 mL/min. Liquid turnover
rate was increased or decreased by adjusting the saliva
flow rate as described below.

Dietary Treatments and Dilution Rates

Experimental diets consisted of 3 forage-to-concen-
trate (F:C) ratios: high forage (HF), 70:30; medium
forage (MF), 50:50; and low forage (LF), 30:70. The
forage comprised 100% pelleted alfalfa (16.5% CP) and
the concentrate (13.1% CP) consisted of 81.4% ground
corn, 10.4% soybean meal (48% CP), 2.1% bentonite,
1.5% sodium bicarbonate, 1.3% phosphate, 1.1% lime-
stone, 1.0% soybean oil, 1.0% salt, and 0.2% vitamin-
mineral premix. The chemical composition of dietary
treatments is as follows: HF: 31.8% NDF, 15.5% CP,
67.8% TDN; MF: 25.2% NDF, 14.8% CP, 72.8% TDN,
and LF: 18.6% NDF, 14.1% CP, and 77.7% TDN. The
digestible energy content of the diets was 3.0, 3.2, and
3.4 Mcal/kg and was estimated based on NRC (1989)
values. A total of 12.8, 12.9, or 13.0 g DM of the diet
was added daily in two equal amounts to the fermentor
with HF, MF, or LF diets. All fermentors were stabilized
on the HF diet for 2 d (stabilization period). Preliminary
results have indicated that microbial VFA, CH4, and
pH reach a stable steady-state level within 2 d following
the addition of ruminal contents into the fermentors.
At the end of d 2, one fermentor was maintained on the
HF diet, and the other two received the MF diet for an
additional 2 d. On d 5, one of the two fermentors receiv-
ing the MF diet was switched to the LF diet and was
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allowed to stabilize for an additional 2 d. By the end of
d 6, all three fermentors had been stabilized for at least
2 d on the respective dietary treatments. Data were
collected from d 7 to 13 (treatment period).

The effect of the 3 diets was tested at three different
dilution rates of 0.032, 0.063, and 0.125/h, approximat-
ing 0.8, 1.5, and 3.0 volume turnovers per day. These
dilution rates were chosen to cover the physiological
range of fluid turnover rates that are typically observed
in vivo. Throughout all experiments, fermentors were
allowed to stabilize for 2 d at a saliva flow rate of 0.73
mL/min. Following stabilization, saliva flow rate was
either maintained at 0.73 mL/min resulting in a frac-
tional dilution rate of 6.3%/h or it was adjusted, begin-
ning on d 3, to obtain fractional dilution rate of 3.2 or
12.5%/h (0.37 or 1.46 mL/min, respectively).

Sampling and Analyses

Five milliliters of thoroughly mixed fermentor con-
tents was taken 2 h after the a.m. and p.m. feeding
daily for 7 d and analyzed for VFA by GLC (model CP-
3380; Varian, Walnut Creek, CA) using a fused silica
capillary column (Nukol; Supelco Inc., Bellefonte, PA)
and for ammonia-N (NH3-N) using a colorimetric assay
(Beecher and Whitten, 1970). Production of NH3-N was
calculated as:

NH3-N (g/d) = (NH3-N concentration, mg/ml
× fermentor volume (700 ml)

× turnover rate of fermentor/1,000.

Ten microliters of headspace gas samples from the fer-
mentor was drawn into a gas-tight syringe (Hamilton
Co., Reno, NV) and analyzed for CH4 by GLC (model
CP-3800; Varian) using a stainless steel column packed
with Molsieve 5A 45/60 mesh (Supelco Inc.). The pH of
the ruminal cultures was monitored continuously and
recorded when samples for CH4 were taken.

Assuming that carbohydrates (hexoses) are the major
source of VFA in the rumen, partitioning of substrate
use was expressed as the amount of substrate fer-
mented to VFA, gas (CH4 + CO2 direct and indirect),
or microbial biomass. The direct source of CO2 is the
fermentation of glucose by various pathways yielding
VFA, ATP, and CO2. Because the in vitro methods use
bicarbonate-based buffering solutions, CO2 is released
into the gas phase as VFA enter the medium (Beuvink
and Spoelstra, 1992). This source of CO2 is considered
as indirect CO2 production. The amount of substrate
fermented to VFA, CH4, and CO2 was calculated based
on the moles of individual VFA produced, daily methane
output, and CO2 released from fermentation and buffer
addition (Wolin, 1960; Van Soest, 1994; Blümmel et al.,
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1997). Total moles of ATP production were estimated
by assigning 2, 3, and 3, moles of ATP per mol of acetic,
propionic, and butyric acids, respectively, and 1 mol
of ATP per mol of CH4 (Groot et al., 1998). Microbial
efficiency was reported to average 11.7 g of cells/mol of
ATP and was not affected significantly by the energy
concentration in mixed cultures of ruminal organisms
(Isaacson et al., 1975). However, changing dilution
rates did affect the efficiency of microbial protein syn-
thesis that was reported to be 7.5, 11.6, and 16.7 g of
cells/mol of ATP at fractional dilution rates of 2, 6, and
12%/h, respectively (Isaacson et al., 1975). The dilution
rates tested in the present study were similar to those
used by Isaacson et al. (1975) and, therefore, the yield
of microbial biomass per mol ATP (YATP) was set to be
7.5, 11.6, and 16.7 mg/mmol ATP for dilution rates of
3.2, 6.3, and 12.5%/h, respectively. Also assumed was
that 80% of bacterial components were synthesized
from glucose skeletons (Groot et al., 1998). Conse-
quently, microbial biomass from glucose consumption
was calculated as:

Microbial biomass (g/d) =
0.8 YATP (2 Acetate, mmol/d + 3 Propionate,

mmol/d + 3 Butyrate, mmol/d + CH4, mmol/d)/1,000

Energy contents of acetate, propionate, butyrate, valer-
ate, isobutyrate, and isovalerate were used to estimate
digestible energy. Similarly, energy content of CH4 was
used to estimate contribution of energy in CH4 to total
digestible energy. In addition to direct measurement of
CH4, the production of fermentation gases, CO2 and
CH4, and the associated production of H2O, was calcu-
lated using the equation outlined by Wolin (1960) and
Blümmel et al. (1997).

Experimental Design and Statistical Analyses

Within a run, an experimental period lasted 13 d,
which included 6 d for adaptation followed by 7 d for
data collection. Daily values were averaged across the
7 d within each run. A single run was composed of 3
fermentors that were inoculated simultaneously with
ruminal contents obtained from the same cow. Each
fermentor was randomly assigned to one of 3 diets with
different F:C ratios. Each run was replicated (n = 2) at
each of the three dilution rates.

Data were analyzed using the GLM procedure of SAS
(SAS Inst. Inc., Cary, NC). Split-plot design was used
with dilution rate as whole plot and F:C ratio as subplot.
The model used is described by:

Yijk = μ + DRi + Runj (DRi) + FCk + DRi × FCk + eijk
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Table 1. Concentration and production of VFA as affected by dilution rate (DR) and forage-to-concentrate ratio (F:C).1

DR, %/h

3.2 6.3 12.5 Significance of effect

VFA HF MF LF HF MF LF HF MF LF SE DR F:C DR × F:C2

Total, mM 97.7 100.4 104.0 56.9 63.2 59.5 27.3 25.7 29.6 2.69 0.01 NS4 NS
Individual, mol/100 mol
Acetate (A) 53.0 52.7 50.0 54.9 48.6 44.6 60.6 54.4 49.9 2.07 NS 0.01 NS
Propionate (P) 28.9 29.8 29.4 26.1 31.2 35.5 18.7 25.2 22.4 1.64 0.07 0.03 NS
Butyrate 12.0 11.5 14.1 12.1 12.5 11.8 15.5 11.9 20.8 0.38 0.02 0.01 0.01
Valerate 3.9 5.0 5.5 2.9 3.1 3.7 1.8 1.7 2.4 0.26 0.01 0.01 NS
Isobutyrate 0.3 0.3 0.3 0.9 0.9 0.8 0.7 0.4 1.0 0.13 0.01 NS NS
Isovalerate 2.0 0.9 0.9 3.2 3.9 3.8 3.0 6.5 3.7 0.31 0.01 0.01 0.01
A:P ratio 1.9 1.8 1.8 2.2 1.6 1.3 3.3 2.3 2.3 0.20 0.01 0.01 NS

Total,3 mmol/d 51.8 53.2 55.1 59.8 66.3 62.5 57.3 54.0 62.3 3.19 NS4 NS NS
Individual,3 mmol/d
Acetate 27.5 27.9 27.4 32.9 31.9 27.8 34.7 30.0 31.5 2.11 NS NS NS
Propionate 14.9 16.0 16.4 15.6 20.9 22.2 10.7 13.3 13.8 1.21 NS 0.02 NS
Butyrate 6.2 6.1 7.7 7.2 8.4 7.4 8.8 6.3 12.8 0.69 NS 0.01 0.02
Valerate 2.0 2.7 3.0 1.7 2.1 2.3 1.0 0.9 1.5 0.21 0.01 0.02 NS
Isobutyrate 0.2 0.2 0.2 0.5 0.6 0.5 0.4 0.3 0.6 0.05 NS NS 0.03
Isovalerate 1.1 0.5 0.5 1.9 2.6 2.4 1.7 3.4 2.3 0.13 0.01 0.01 0.01

1HF = High forage (70% forage:30% concentrate); MF = medium forage (50% forage:50% concentrate); LF = low forage (30% forage:70%
concentrate).

2DR × F:C = Interaction between dilution rate and F:C ratio.
3Production parameters are based on 1 L of ruminal cultures.
4NS = Not significant (P > 0.10).

where

Yijk = individual response variable measured,
μ = overall mean,

DRi = fixed effect of dilution rate (i = 1 to 3),
Runj (DRi) = whole plot error,

FCk = fixed effect of F:C ratio (k = 1 to 3),
DRi × FCk = fixed effect of interaction between dilution

rate and F:C ratio, and
eijk = subplot error.

Dilution rates were compared with the whole plot error
term. Forage-to-concentrate ratios and interaction be-
tween dilution rate and F:C ratio were tested using
the subplot error term. Standard errors appropriate for
comparisons among different means were calculated as
follows (Steel et al., 1997):

for comparing dilution rate:

SE (y1 . . − y2 . .) = √2 MSEwhole plot

6 ,

for comparing F:C ratio:

SE (y1 . . − y2 . .) = √2 MSEsubplot

6 .
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Comparison of dilution rate and F:C ratio means was
done by contrast test with Fisher’s protected LSD test
when the effect of dilution rate or F:C ratio (P ≤ 0.10)
was detected by the model. The level of significance
accepted was P ≤ 0.05 and 0.10 for trend.

RESULTS

Total VFA concentrations (millimolar) and molar per-
centages of individual VFA are reported in Table 1.
Increasing the dilution rate reduced (P < 0.01) the con-
centration of total VFA. Molar proportion of acetate
ranged from 49 to 56 and was not affected by dilution
rate. Propionate remained unchanged (P > 0.10) when
dilution rate increased from 3.2 to 6.3%/h but tended
to decrease (P < 0.07) at 12.5%/h. The acetate-to-propio-
nate (A:P) ratio increased (P < 0.01) with increasing
the dilution rate from 3.2 or 6.3 to 12.5%/h. Increasing
the proportion of concentrate in the diet decreased (P
< 0.01) the molar proportion of acetate. Molar propor-
tions of propionate were lowest for the HF diet and
increased (P < 0.03) for the MF and LF diets. Molar
proportions of valerate were similar for the HF and MF
diets but increased for the LF diet. The A:P ratio was
highest for the HF diet and decreased (P < 0.01) for the
MF and LF diets.

There were dilution rate × F:C interactions for molar
percentages of butyrate and isovalerate. At 3.2%/h, bu-
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Table 2. Ruminal pH, ammonia-N (NH3-N), and methane (CH4) production as affected by dilution rate (DR) and forage-to-concentrate ratio
(F:C).1

DR, %/h

3.2 6.3 12.5 Significance of effect

Item2 HF MF LF HF MF LF HF MF LF SE DR F:C DR × F:C3

pH 5.3 5.0 5.0 5.7 5.5 5.6 6.7 6.3 6.3 0.20 0.08 NS4 NS
NH3-N, mg/dl 15.6 14.7 12.1 27.3 31.1 25.5 18.2 19.5 21.9 1.54 0.01 NS NS
NH3-N,5 g/d 0.09 0.08 0.06 0.29 0.33 0.27 0.38 0.41 0.46 0.016 0.01 NS 0.07
Gas estimated,6 mmol/d 88.5 89.4 104.2 102.8 109.7 99.9 106.5 92.1 115.2 7.21 NS NS NS
CH4 estimated,7 mmol/d 13.1 13.1 13.4 16.1 14.9 12.1 19.1 14.8 18.7 1.39 NS NS NS
CH4 measured
mmol/d 9.6 6.1 4.2 25.5 19.6 11.2 29.1 20.1 22.0 1.15 0.01 0.01 0.02
mmol/g DM fed 0.8 0.5 0.3 2.0 1.5 0.9 2.3 1.6 1.7 0.10 0.01 0.01 0.04

1HF = High forage (70% forage:30% concentrate); MF = medium forage (50% forage:50% concentrate); LF = low forage (30% forage:70%
concentrate).

2Production parameters are based on 1 L of ruminal cultures.
3DR × F:C = Interaction between dilution rate and F:C ratio.
4NS = Not significant (P > 0.10).
5NH3-N (g/d) = (NH3-N concentration, mg/dl × fermentor volume (700 ml) × turnover rate of fermentor)/1,000. Turnover rate of fermentor

is 0.8, 1.5, and 3.0 for 3.2, 6.3, and 12.5%/h, respectively.
6Fermentative CO2 + fermentative CH4 + buffering CO2. All gas productions were estimated.
7(Acetate, mmol/d) + (2 × butyrate, mmol/d) − (CO2, mmol/d).

tyrate proportion was highest in the LF diet and similar
between the MF and HF diets. When dilution rate was
increased to 6.3%/h, there was no difference in butyrate
concentration between F:C ratios. At a dilution rate of
12.5%/h, molar proportions of butyrate were highest for
the LF diet and lowest for the MF diet with the HF
diet being intermediate. Molar proportions of isovaler-
ate were higher in the HF diet when compared with
either the MF or LF diets at a dilution rate of 3.2%/h.
At a dilution rate of 6.3%/h, isovalerate was numerically
higher for both the MF and LF diets. Increasing the
dilution rate to 12.5%/h increased isovalerate in rumi-
nal cultures receiving MF and was higher compared
with both the HF and LF diets.

Daily production of total VFA (mmol/d) was not af-
fected by dilution rate or F:C ratio (Table 1). The rate
of production of acetate and propionate did not change
as a result of changing the dilution rate. Increasing
dilution rate decreased (P < 0.01) the production of val-
erate, which was consistent with lower concentrations
in ruminal cultures. There were interactions for buty-
rate, isobutyrate, and isovalerate. Daily output of buty-
rate followed the same trend as the molar proportions
of butyrate in the cultures. The LF diet resulted in the
highest production of butyrate at dilution rates of 3.2
and 12.5%/h. The MF and HF diets were similar at
3.2 and 6.3%/h, but increasing dilution rate to 12.5%/
h increased butyrate production in cultures receiving
HF compared with the MF diet. Daily output of isobu-
tyrate was very low across all F:C ratios at dilution rate
of 3.2%/h. Increasing dilution rate to 6.3%/h increased
isobutyrate production for all F:C treatments; the in-
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crease was greater for cultures receiving the MF diet. At
dilution rate of 12.5%/h, rate of isobutyrate production
increased even further for the LF diet and decreased
for both the MF and HF diets. The effect of dilution
rate and F:C ratio on the rate of isovalerate production
was similar to changes observed in molar proportions.

Data for pH, NH3-N, and gas production (CO2 and
CH4) are summarized in Table 2. Ruminal culture pH
did not change (P > 0.10) when dilution rates were
increased from 3.2 to 6.3%/h (5.08 and 5.55, respec-
tively). Increasing dilution rate to 12.5%/h tended to
increase (P < 0.08) culture pH, which averaged 6.40.
Concentration of NH3-N was highest at 6.3%/h and low-
est at 3.2%/h, with 12.5%/h being intermediate. There
were no effects of F:C on pH and concentration of NH3-
N. There was a tendency for dilution rate × F:C interac-
tion for the daily output (g/d) of NH3-N (P < 0.07). In-
creasing the dilution rate resulted in an increase in the
production of NH3-N. At 3.2 and 6.3%/h, F:C ratio did
not seem to affect ammonia production, but increasing
dilution rate to 12.5%/h increased ammonia output for
the LF diet compared with the MF and HF diets.

There was no effect of either dilution rate or F:C ratio
on methane production (mmol/d) that was calculated
from stoichiometric equations (Table 2). Based on ac-
tual measurements, however, there was an interaction
for methane output. At each dilution rate, methane
output was highest for the HF diet (Table 2). At dilution
rate of 3.2%/h, methane output was similar for the MF
and LF diets, but, at 6.3%/h, cultures receiving the MF
diet had higher amounts of daily methane production
compared with those receiving the LF diet. Increasing
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Table 3. Amount of substrate used for fermentation end products and microbial growth as affected by dilution rate (DR) and forage-to-
concentrate ratio (F:C).1

DR, %/h

3.2 6.3 12.5 Significance of effect

Item HF MF LF HF MF LF HF MF LF SE DR F:C DR × F:C2

DM fed, g/d 12.8 12.9 13.0 12.8 12.9 13.0 12.8 12.9 13.0
Substrate used, g/d
For VFA4 3.3 3.4 4.2 3.8 4.2 4.0 3.7 3.3 4.0 0.29 NS3 NS NS
For gas5 1.9 1.8 2.0 2.2 2.3 2.0 2.5 2.0 2.7 0.16 0.02 NS NS
For microbial biomass6 1.0 1.0 1.2 1.7 1.9 1.8 2.5 2.2 2.7 0.13 0.01 NS NS
Total7 6.1 6.2 7.5 7.7 8.4 7.7 8.6 7.6 9.4 0.56 0.03 NS NS

Fermentability, %8 48.0 48.4 57.3 60.2 65.0 59.6 66.9 58.6 72.3 4.30 0.03 NS NS
Microbial synthesis
g/d9 0.79 0.81 0.98 1.39 1.54 1.45 1.96 1.78 2.16 0.104 0.01 NS NS
g DM/kg DM fermented10 132.7 133.5 136.4 189.2 193.0 196.6 243.4 250.8 243.9 1.41 0.01 0.02 0.05

1HF = High forage (70% forage:30% concentrate); MF = medium forage (50% forage:50% concentrate); LF = low forage (30% forage:70%
concentrate).

2DR × F:C = Interaction between dilution rate and F:C ratio.
3NS = Not significant (P > 0.10).
4(Acetate, mol/d × 60.05) + (Propionate, mol/d × 74.08) + (butyrate, mol/d × 88.10).
5Substrate used for (CO2, mol/d × 44) + (CH4, mol/d × 16) + (2H2O, mol/d × 36).
6Substrate used for microbial biomass = ATP (mmol) × YATP (7.5, 11.6, and 16.7 mg for 3.2, 6.3, and 12.5%/h, respectively).
7Substrate used for VFA, CO2 + CH4 + 2H2O, and microbial biomass.
8Total substrate fermented expressed as a percentage of DM fed.
9Microbial biomass (g/d) = (((0.8 × YATP ((2 × Acetate, mmol/d) + (3 × propionate, mmol/d) + (3 × butyrate, mmol/d) + (CH4, mmol/d))))/

1000). YATP is 7.5, 11.6, and 16.7 mg for 3.2, 6.3, and 12.5%/h, respectively.
10Microbial growth efficiency (g DM/kg DM fermented) = ((microbial biomass, g/DM fermented, g) × 1000).

the dilution rate to 12.5%/h did not increase methane
output for the MF diet, but there was a substantial
increase for the LF diet, which was numerically higher
compared with the MF diet. When expressed as mmol
of methane produced per gram of DM fed, the effects
of dilution rate and F:C were similar to the total daily
production rates described above.

The amount of substrate used for gas (CH4 + direct
and indirect CO2) was not affected (P > 0.10) by either
dilution rate or F:C (Table 3). The amount of substrate
used for microbial biomass was 1.07 g/d at the lowest
dilution rate and increased (P < 0.01) to 1.83 and 2.46
g/d at dilution rate of 6.3 and 12.5%/h, respectively
(Table 3). Based on the substrate used for VFA, gas,
and microbial biomass, total diet fermentability was
similar (P > 0.10) at dilution rates of 6.3 and 12.5%/h
(61.6 and 65.9%) but decreased (P < 0.04) when dilution
rate was decreased to 3.2%/h (51.2%). The F:C ratios
did not affect (P > 0.10) total diet fermentability.

Microbial yields increased (P < 0.01) with increasing
dilution rate and averaged 0.86, 1.46, and 1.97 g/d at
dilution rates of 3.2, 6.3, and 12.5%/h, respectively (Ta-
ble 3). Increasing the proportion of concentrate in the
diet did not affect microbial yield (P > 0.10) but im-
proved (P < 0.02) microbial growth efficiency (Table 3).
There was an interaction between dilution rate and F:C
for microbial efficiency. At a dilution rate of 6.3%/h,

Journal of Dairy Science Vol. 87, No. 1, 2004

microbial growth efficiency in cultures receiving LF diet
was numerically higher than cultures receiving MF
diet, but increasing dilution rate to 12.5%/h resulted in
numerically higher efficiency of microbial growth in
fermentors receiving MF diet compared with those re-
ceiving the LF diet.

The amount of energy produced daily in the form of
VFA and as a percentage of digestible energy fed was
not affected by dilution rate (Table 4). A higher propor-
tion of concentrate tended to increase (P < 0.08) the
amount of energy (kcal/d) captured in VFA due primar-
ily to the increased digestible energy fed. The VFA en-
ergy as a percentage of digestible energy fed was not
affected by F:C ratio. There was an interaction for the
amount of energy released in CH4 (P < 0.01). At dilution
rates of 3.2 and 6.3%/h, cultures receiving the LF diet
had the lowest rate of methane production; however,
increasing dilution rate to 12.5%/h resulted in the MF
diet having the lowest methane output.

DISCUSSION

Altering liquid turnover rates had no effect on daily
production of total VFA or in the proportion and produc-
tion of acetate by ruminal cultures. These results are
similar to those reported by Isaacson et al. (1975) and
Hoover et al. (1984). Molar proportion of propionate
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Table 4. Amount of digestible energy (DE) partitioned into VFA and methane (CH4) obtained by actual measurement as affected by dilution
rate (DR) and forage-to-concentrate ratio (F:C).1

DR, %/h

3.2 6.3 12.5 Significance of effect

Item HF MF LF HF MF LF HF MF LF SE DR F:C DR × F:C2

DE fed, kcal/d 38.1 41.2 44.4 38.1 41.2 44.4 38.1 41.2 44.4
VFA
kcal/d4 16.6 17.1 18.3 19.2 22.2 21.3 17.9 17.5 21.2 1.04 NS3 0.08 NS
% of DE 43.6 41.6 41.1 50.3 53.9 47.8 46.9 42.5 47.8 2.47 NS NS NS

CH4
kcal/d5 2.0 1.3 0.9 5.4 4.1 2.4 6.2 4.2 4.7 0.23 0.01 0.01 0.01
% of DE 5.3 3.2 2.0 14.1 10.0 5.3 16.1 10.3 10.5 0.56 0.01 0.01 0.01

1HF = High forage (70% forage:30% concentrate); MF = medium forage (50% forage:50% concentrate); LF = low forage (30% forage:70%
concentrate).

2DR × F:C = Interaction between dilution rate and F:C ratio.
3NS = Not significant (P > 0.10).
4(Acetate, mol/d × 209.4 kcal/mol) + (propionate, mol/d × 367.2 kcal/mol) + (butyrate, mol/d × 524.3 kcal/mol) + (valerate, mol/d × 681.6

kcal/mol) + (isobutyrate, mol/d × 524.3 kcal/mol) + (isovalerate, mol/d × 681.6 kcal/mol).
5CH4 (kcal/d) = (CH4, mol/d × 210.8 kcal/mol).

tended to decrease and that of butyrate increased with
an increase in dilution rate, but production of both fatty
acids remained unchanged. Ruminal pH and ruminal
methane output increased with increasing dilution
rate. The effect of dilution rate on VFA production and
fermentation profile in other studies has been variable.
Total organic acid production decreased (Carro et al.,
1995) or increased (Fuchigami et al., 1989) when frac-
tional dilution rates increased. Molar percentages of
propionate in ruminal fluid were reported to be higher
(Isaacson et al., 1975; Hoover et al., 1984) or lower
(Thomson et al., 1978; Crawford et al., 1980) as a result
of increasing dilution rates.

In the present study, dilution rate had a significant
effect on the isoacids. Rapid liquid turnover lowered
the proportion of ruminal valerate but increased that
of the branched chain isoacids, isobutyrate, and isoval-
erate. Part of the valerate produced in the rumen comes
from the fermentation of carbohydrates and part comes
from the fermentation of AA. The branched-chain isoa-
cids arise almost exclusively from the oxidative deami-
nation of AA. The inability of the cellulolytic bacteria
to transport preformed branched chain AA across their
cell wall makes the branched chain isoacids essential
for normal growth of fiber-digesting bacteria (Bryant,
1973). The decrease in valerate may be due to reduced
retention time of the fermentable carbohydrates at
higher liquid passage rates. An increase in branched-
chain isoacids suggests enhanced deaminative activity
at higher dilution rates, since a reduced uptake should
have resulted in a lower acetate production.

Increasing liquid turnover increased NH3-N output.
Ammonia-N concentration, similar to the isoacids, is a
function of the rate of release and rate of uptake by
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microbial populations. Ruminal pH can also influence
NH3-N production (Erfle et al., 1982), and increasing
dilution rates increased NH3-N with a concomitant in-
crease in culture pH similar to results reported earlier
(Hoover et al., 1984). Ammonia-N and branched-chain
isoacids increased at higher dilution rates, suggesting
either enhanced rate of production or reduced utiliza-
tion. Both are used predominantly by cellulolytic organ-
isms and, since acetate production was not affected,
higher liquid dilution rates seem to have enhanced
rates of production rather than reduced rates of utili-
zation.

Similar values for DM digestibility have been re-
ported earlier with no effect on dilution rate (Hoover
et al., 1984; Carro et al., 1995). In the study by Hoover
et al. (1984), increasing dilution rates did not seem to
reduce NDF digestibility or the digestibility of the more
rapidly fermentable carbohydrate fraction. In fact, in
some cases, increasing dilution rate seemed to increase
cellulose and NDF digestibility (Hoover et al., 1984).

Increasing dilution rate did not affect total organic
acid production, but actual methane output increased.
In contrast, lowering F:C ratio reduced methane pro-
duction and increased ruminal propionate as has been
documented in several studies. Increasing dilution
rates did not affect the amount of substrate used for
VFA production but increased the amount used for gas
and microbial biomass. Actual methane production in-
creased significantly at each successive increase in dilu-
tion rate, but the proportion of substrate used for total
gas output (CH4 + CO2) increased only when dilution
rates were increased from 3.2 to 12.5%/h. The growth
rate of methanogens is relatively slow, which results
in reduced numbers during rapid rates of transit from
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the rumen (Wolin et al., 1997). The highest dilution
rate in our study (12.5%/h) did not seem to have a
negative impact on methane production. Calculated mi-
crobial yields and efficiencies increased with an in-
crease in turnover rate suggesting that, at higher turn-
over rates, a greater proportion of substrate energy is
used for bacterial synthesis (Hespell and Bryant, 1979).

According to Wolin (1960), the amount of total gas
produced (CH4 + CO2) can be determined from the
amount and molar proportion of acetate, propionate,
and butyrate. Hence, based on the stoichiometric equa-
tion, variations in the molar proportion of acetate, pro-
pionate, and butyrate will have a direct influence on
gas volumes. Blümmel et al. (1997) reported that the
total substrate required for the production of equal
amounts of gas from widely different VFA patterns was
very similar. Accounting for the efficiency of ATP use
by microbial populations, the amount of substrate re-
quired for microbial biomass can vary without changes
in VFA proportions (Blümmel et al., 1997). It is known
that the growth yields of ruminal microbes can be rela-
tively high, and that microbial cells have a negative
oxidation-reduction state (Van Kessel and Russell,
1996). Since stoichiometric equations used to estimate
fermentation balance do not consider microbial cells as
end products of ruminal fermentation, cell yields can
have a significant impact on estimates of methane pro-
duction.

The Cornell Net Carbohydrate and Protein System
suggests a maximum incorporation of 40% of the fer-
mented feed carbohydrate into microbial biomass (Rus-
sell et al., 1992). With substrates consisting predomi-
nantly of structural carbohydrates, microbial biomass
yield was negatively correlated to gas production over
a 24-h period of incubation (Blümmel et al., 1997). In
another study (Krishnamoorthy et al., 1991), a curvilin-
ear relationship was reported over a 2-h period between
microbial protein synthesis and gas production. The
curvature varied with the type of substrate, with cellu-
lose producing a steep upward curve and starch produc-
ing a less steep curve. The relationship between micro-
bial mass and gas volume is complex and can vary
with the type of substrate as well as with the time
of sampling.

In previous experiments, no distinction was made
between CO2 and CH4, and it is assumed that the latter
arises directly from the former. As per the stoichiomet-
ric equations outlined previously (Wolin, 1960; Blüm-
mel et al., 1997), we included both the direct CO2 pro-
duction from the fermentative route as well as the indi-
rect contribution from the reaction of the VFA with the
bicarbonate supplied in the saliva in estimating total
gas production. Total gas production was not affected
by the F:C ratio and dilution rates in the present study.
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Methane production, when estimated using stoichio-
metric equations, was also not altered by either the
dilution rates or F:C ratio. However, actual measure-
ments of methane production decreased significantly
with an increase in the level of concentrate and in-
creased with an increase in dilution rate. The decrease
in methane in cultures receiving a higher proportion
of concentrate is consistent with the shift in reducing
equivalents toward propionate formation. However, the
increased methane formation at higher dilution rates
was unexpected.

Gas production and VFA formation are closely related
processes, but gas production can vary without any
change in total VFA production (Beuvink and Spoels-
tra, 1992). The amount of gas released indirectly is
assumed to be a constant; therefore, the variation is
attributed primarily to gas produced directly as an end
product of ruminal fermentation. Direct gas production
varies with the pattern of VFA and, given the complex
nature of mixed feedstuffs and fermentative pathways
of microbial metabolism, it can vary considerably. Most
species of rumen microbes are capable of fermenting
various substrates resulting in similar end products
(Hungate, 1966), and some have switched end products
depending on their growth rate (Russell and Wallace,
1997).

Hydrogen and CO2 are the major precursors of CH4
formation in the rumen (Hungate, 1967), and most
methanogens can utilize these substrates to generate
ATP (Thauer et al., 1977). The distribution of methano-
genic species in the rumen is not known and whereas
some species can occur in high concentration, others
may be present in low concentration (Wolin et al., 1997).
Methanogens have a slower growth rate compared with
other rumen bacteria, but there are some species, Meth-
anobrevibacter spp. in particular, that will grow more
rapidly with H2 than other methanogens (Wolin et al.,
1997). The success of microorganisms to survive de-
pends on their ability to maximize growth rate or
growth yield (Neijssel and de Mattos, 1994; Russell and
Wallace, 1997). Culture of Methanobacter thermoauto-
trophicum did not grow when H2 supply was low, but
they continued to produce methane. At higher availabil-
ity of H2, growth of M. thermoautotrophicum occurred,
but methanogenesis remained constant as long as
growth was H2 limiting (Morgan et al., 1997). When H2
supply was not growth limiting, CH4 production in-
creased rapidly (Morgan et al., 1997). Changing dilution
rates has a profound impact on the growth rate of bacte-
ria and alters the metabolic pathways of fermentation.
Given the complex interactions between microbial
growth and fermentation environment, altering dilu-
tion rates could interfere with growth by changing the
concentration and/or shifting the metabolic pathways
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by which specific microbes, including the methanogens,
utilize substrates.

CONCLUSIONS

Methane production in continuous cultures was mea-
sured to determine whether it was altered by dilution
rate and F:C ratio. Increasing dilution rate or the level
of forage in the diet decreased propionate and increased
methane output. Methane production estimated from
stoichiometric equations remained unchanged, irre-
spective of the dilution rate or level of forage in the
diet. Compared with actual measurements of methane
concentration in fermentor headspace, stoichiometric
estimations consistently underestimated methane out-
put at higher dilution rates and with high forage diets.
Methane production seems to be influenced by the stoi-
chiometry of substrate fermentation to acetate and pro-
pionate as well as the proportion of substrate carbon
fixed in microbial biomass.
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