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Abstract. The present report describes an in vitro continuous culture system to simulate
rumen fermentation. The complete assembly consists of six culture vessels (liquid volume
700 ml) fed twice daily with finely ground feed. The artificial saliva enters the vessel continu-
ously, and the effluent leaves it continuously through the overflow port. The intermittent stir-
ring of the fermentor content and the pH regulation are automatically controlled by a desk-
top computer.

Two replicate experiments with ten fermentors given a diet of silage (50 Vo) and barley
(50 Vo) were made in order to evaluate the system. The results indicate that the system reaches
steady-state conditions within three to five days, ammonia concentration being an exeption.
It takes for the ammonia concentration approximately 11—l4 days to stabilize. The plateau
values for the total volatile fatty acid (VFA) concentrations, the molar proportions of individual
VFAs, and the ammonia concentrations were found to be within the accepted range in the
rumen of animals given similar diets or in other artificial rumen systems. There was a tenfold
decrease in the numbers of protozoa in the fermentors during the first four days of incuba-
tion. However, the average plateau value for the protozoa numbers (2.5 x lOVml) is in the
same range as in the dual flow continuous culture systems. The efficiency of the microbial
N production was higher than that usually observed in vivo or in vitro (45 vs. 30 g/kg organic
matter digested).

The results indicate that this continuous culture system provides a reasonable estimate
of rumen fermentation.

Index words; rumen fermentation, in vitro, continuous culture

Introduction

Various in vitro systems have been devel- tation. These systems can be roughly divided
oped in order to overcome the difficulties en- into simple batch cultures, designed for short-
countered in in vivo studies of rumen fermen- term studies, and more complex continuous



culture systems, designed for long-term studies
of rumen fermentation (for a review, see
Czerkawski 1986).

The continuous culture systems used in the
studies of rumen metabolism can be classified
into three categories. These are 1) the system
developed by Czerkawski and Breckenridge

(1977), where the feed is retained in polyester
bags within the vessel and changed periodical-
ly; 2) the system first described by Hoover et
al. (1976 a), in which solid feed is added to
the fermentor and both solid and liquid out-
flow rates are controlled separately, and 3) the
system first described by Slyter et al. (1964)
in which solid feed is added to the fermenters
and the effluent is allowed to overflow to
waste.

The apparatus described in the present pa-
per is based on that of Slyter et al. (1964).

The features of the system and some experi-
ments are described. Some of this work has
been published briefly elsewhere (Miettinen
and Setälä 1988).

Materials and methods

The continuous culture apparatus

A schematic diagram of the continuous cul-
ture system is shown in Fig. 1. The complete
assembly consists of six modified 1 litre glass
fermentation vessels (Quicfit FV 1L) which are
kept in an acrylic water bath at 39°C. Mag-
netic stirrers are situated beneath each culture
vessel. The stirrer drives an impeller with a bar
magnet (C), which has one mixing paddle (B)
and a foam breaker (A). The glass lid (E) is
connected gas-tightly on the vessel rims by

Fig. I. Continuous culture apparatus
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means of vacuum grease and clamps. The lid
has a large port (28 mm ID) for feed entry and
smaller ports (17 mm ID) for artificial saliva
infusion, sampling and pH/redox- electrodes
(D). A silicone tube (length 300 mm, 28 mm
ID) is permanently fixed on the feeding port.

Each vessel has a 23 mm ID sidearm situ-
ated so as to provide a fluid volume of 700 ml
in the fermentation vessel. The overflowing ef-
fluent passes into a modified 2 litre separato-
ry funnel which, is kept in an ice bath, and
into which 10 ml of saturated HgCl2 is added
to prevent further fermentation. The gas is
collected into a 3 litre plastic gas collection
bag. Artificial saliva is pumped into the fer-
mentors continuously with a peristaltic pump
(model IPS-8, Ismatec SA, Zurich). The pH
in the fermentors is adjusted with saturated
Na2CO, solution added through magnetic
valves.

The magnetic stirrers and the magnetic
valves are coupled through a relay box to the
desk-top computer (Hewelett-Packard HP-87,
Corvallis). The pH/redox meters (Consort
pvba, Belgium) are coupled through a signal
switcher (Wavetec 604, San Diego) and a dig-
ital multimeter (Fluke 8840A, Eindhoven) to
the HP-87.

Operating conditions

Artificial saliva (McDougall 1948), dilut-
ed 60:40 with water and containing 0.4 g/1
urea, was infused continuously to give an
average outflow rate of 0.055 h-1

. The feeds
consisted of freeze-dried silage and dried bar-
ley (50:50%). The feeds were ground to pass
a 1 mm screen and were fed at a rate of 24 g/d
(21.5 gDM/d), in two equal portions (at 8 am
and 3 pm).

The magnetic stirrers were operated inter-
mittently, stirring the contents for 30 sec.
every 4 min. at approximately 110 rpm. The
pH in the fermentors was controlled continu-
ously and kept above 6.0 by adding saturated
Na2C0 3 solution through the magnetic valves
when needed. The stirrers were turned on
whenever Na 2 C03 solution was added into

the fermentors. The pH values in the fermen-
tors were stored on minidisks and were also
printed out on paper every hour. The desk-
top computer (HP-87) was programmed to
take care of the operations listed above auto-
matically. The redox potential was measured
twice daily before the feed was added into the
fermentors. The effluent which overflowed
was collected every morning and stored at

18°C. Samples (2 ml) for the analyses were
taken from the fermentors before the feed was
added and also from the effluent. The sam-
ples were frozen immediately at 18°C.

The fermentors were inoculated with rumen
fluid from a rumen fistulated cow maintained
on a silage and grain diet. The rumen fluid
was removed from the animal approximately
2 h after feeding and strained through a layer
of cheese cloth. The fermentors were charged
with 600 ml of this fluid.

Analyses

The dry matter content of the effluent was
measured from approximately 25 g samples,
which were taken during agitation from the
daily effluent by a magnetic stirrer with a cut
pipette. The samples were weighed and dried
at 80°C for about 40 h and the dry matter
(DM) content was determined. The dry matter
digestibility was calculated for each sampling
period as follows (Hoover et al. 1976 b):
% DM digestibility = [feed DM (effluent
DM buffer salt)]/feed DM x 100, where:
feed DM = g feed/24 h x % feed DM
effluent DM = g effluent/24h x effluent DM
buffer salt = litres ofartificial saliva/24 h x g
salt/litre + litres saturated Na 2C03 xg salt/
litre + 10 ml saturated HgCl2 xg salt/litre

The amount of the organic matter ferment-
ed (OMF) was calculated from the amounts
of the volatile fatty acids (VFA) produced us-
ing the formula proposed by Demeyer and
van Nevel (1975).

The VFAs were determined with a Perkin
Elmer 8500 gas chromatograph with 10 %

SP-1200 and 1 % H,PO4 Chromosorb AW,
80—100 mesh column, using head-space tech-
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niques and an HS-101 autosampler. The sam-
ples were esterified by the method of Osl and
Ginzinger (1986). L- and D-lactic acids and
ammonia were determined as described by
Kauramaa et ai. (1987).

The microbial-N flow was measured from
the freeze-dried sample (approx. 50 ml), taken
during agitation from the daily effluent. Pu-
rine bases were used as a marker for microbial
protein (Zinn and Owens 1982). Microbial
mass was separated from the daily effluent by
the method of Smith and McAllan (1974). It
was freeze-dried and analyzed for Kjeldal N
and purines. The protozoa numbers were de-
termined in a 4 x 4 x 0.2 mm counting cham-
ber following preparation, as described by
Ogimoto & Imai (1981).

Statistical treatment

Two sets of trials with ten fermentors (four
in experiment 1 and six in experiment 2) were
made. Means, standard error of means (S.E.)
and coefficients of variations (CV (,/o) were cal-
culated according to standard statistical proce-
dures. The F-test was used to measure the
differences in coefficiencies of variations be-
tween the two experiments, using the equa-
tion: C,2/C 22

, df, =n, 1 and df, = n2 —l.

Results

Establishing a steady state

Of the two replicate experiments (each with
a fresh inoculum) experiment 1 lasted for

Fig. 2. Daily values for a) digested dry matter (DDM), b) organic matter fermented (OMF), calculated from volatile
fatty acid (VFA) data and c) efficiency of VFA production.
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14 days and experiment 2 for 11 days. The
daily values for each parameter are shown in
Figs. 2—4.

The digestibility of dry matter (DDM) in-
creased during the first four days of incuba-
tion and remained quite stable until the 13th
day of incubation (Fig. 2a). The variation in
DDM between the experiments and fermen-
ters was considerable during the first and last
days of incubation. The DM content of the
effluent varied between 2.08 and 3.14 %, and
was 2.44 % on the average.

The changes in the proportion of organic
matter fermented (OMF) in the fermenters
and in the total VFA (TVFA) concentrations
are quite similar because the amount of OMF
was calculated from the VFAs produced. Both

the amount of the OMF and the TVFA con-
centration decreased in the first three to four
days of incubation and, after that reached a
plateau (Figs. 2b, 3a). The changes seen in the
efficiency of the VFA production (mmol/g
DM digested) were parallel to the changes seen
in the TVFA concentration or in the amount
of OMF (Fig. 2c).

There were no clear changes in thepropor-
tions of the individual VFAs during the incu-
bations (Fig. 3b—d). Flowever, there was a
tendency for an increased proportion of ace-
tic acid and a decreased proportion of butyric
acid during the first three to four days of
incubation. The proportion of butyric acid
tended to increase towards the end of the in-
cubation. The great variation in the propor-

Fig. 3. Daily values for fermenter a) total volatile fatty acid concentration (TVFA), and proportions of b) acetate,
c) propionate and d) butyrate.
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tion of propionic acid for eight to eleven days
was due to the elevated levels determined in
experiment 2.

The concentration of lactic acid remained
low (<0.5 mM) throughout the experiment.
However, some elevated concentrations up to
2.0 mM were measured in the middle of the
incubation period.

The concentration of ammonia decreased
steadily until the 11th day of incubation
(Fig. 4a). The microbial N flow decreased dur-
ing the first three to four days, and remained
quite stable until there was a drop after 12
days in experiment 1 (Fig. 4b). The efficiency
of microbial N production (g/kg OMF) in-
creased during the incubation (Fig. 4c).

The average content of total N and the pu-
rine bases of the bacterial mass isolated from

the effluent were 93.6 and 62.6 mg/g DM,
respectively. There was a slight increase in the
purine base content of the bacterial mass dur-
ing the experiments. The nucleic acid (RNA
basis) N: total N ratio of the bacterial mass
was, on the average, 0.124. The content of pu-
rine bases measured from the effluent fluid
was, on the average, 20.6 mg/g DM.

The protozoa numbers declined in the first
four to five days of incubation, from 2.8 x
lOVml to 2.5 X lOVml, on average, and re-
mained at this level for the remainder of the
experiments.

Characteristics of the system at steady
state

The values measured during days five to
eleven were chosen to characterize the steady-

Fig. 4. Daily values for a) fermentor ammonia concentration, b) microbial-N flow, and c) production.
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Table I. Typical properties of rumen contents in continuous cultures fed diets of silage and barley, and the
average values in vivo fed diets of roughage and concentrates.

1 Mean values for two experiments (10 fermentors) during days five to eleven;
: Adapted from literature (C/i rkawski 1986);
' OMF =amount organic matter fermented, calculated from VFA data;
4 Values for days 11 —l4;
S.E. = standard error of mean.

state conditions in the fermentors. The mean
values for different measurements together
with typical in vivo data (Czerkawski 1986)
are shown in Table 1. The concentrations of
isobutyrate and isovalerate are included in the
concentrations of butyrate and valerate,
respectively.

The dry matter digestibility was lower, the
proportions of butyrate, the efficiency of VFA
production (mmol/g DDM), and the efficien-
cy of microbial N synthesis (g/kg OMF) were
higher in the continuous culture compared
with the average in vivo values.

Because the ammonia concentrations de-
creased until the 11th day of incubation, the
values measured from days 11—14 were used
to characterize the steady-state value for the
ammonia concentration in the fermentors.

After the first day of incubation, the redox
potential in the fermentors was, on the aver-
age, 170 mV (SD 38.4).

Variability of the measurements

The variation of the different measurements
made in the two experiments between the days

of incubation and fermentors are expressed as
coefficiencies of variation (CV%) (Table 2).
Daily values for each fermentor were used to
calculate the CV%.

Table 2. Coefficients ofvariation (%) in experiments 1
(df =55) and 2 (df =61).

21Experiment

15.2 9.91
15.0 13.8

DM digestibility (%)

OMF (%)

In fermentors
12.1 12.5Total VFA (mM)

Individual VFA
(mol/100 mol total VFA)

Acetate 2.77 3.06
9.30 10.7
14.2 11.6
15.6 14.5

119.0' 34.8 h

42.9“ 26.8»

Propionate
Butyrate
Valerate

Lactic acid (mM)
Ammonia (mM)
From effluent
Total VFA (mmol/
g DM digested) 31.5“ 21.4»
Microbial N
flow (mg/d) 12.4 10.9

12.9“ 8.48 hproduction (g/kg OMF)

"•b Values in the same row with different superscripts dif-
fer (p<0.05). OMF =organic matter fermented.

Mean 1 S.E. In vivo 2

DM digestibility (%) 43.8 0.382 60
OMF' (%) 49.4 0.289
In fermenlors
Total VFA (mM) 94.0 0.721 100
Individual VFA (mol/100 mol total VFA)

Acetate 60.3 0.308 65
Propionate 21.9 0.322 20
Butyrate 14.4 0.207 11
Valerate 3.48 0.059 4

Lactic acid (mM) 0.37 0.05
Ammonia (mM) 4 5.1 0.23 7
From effluent
Total VFA (mmol/g DM digested) 11.3 0.185 6
Microbial N flow (mg/d) 455 4.67
production (g/kg OMF) 45.1 0.178 30
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The variation was smallest for the propor-
tion of acetate, and greatest for the lactic acid
and ammonia concentrations. The great varia-
tion seen in the lactic acid concentrations was
due to some individual high concentrations,
especially in experiment 1 as discussed above.
The great variation in the ammonia concen-
tration was due to the steady decrease in the
ammonia concentration during the experi-
ments (Fig. 2h). The variation was consider-
able also for the efficiency of VFA produc-
tion, which is a reflection of the variations in
the amount of DM digested and in the total
VFA concentration in the daily effluent. The
CV for the effluent total VFA concentration
was 15.6 % in experiment 1 and 14.1 % in ex-
periment 2. The variations in the total VFA
and in the proportions of individual VFAs
were slightly greater when measured from the
effluent than from the fermentors.

The variation between the experiments in
different parameters was significant for the
DM digestibility, for lactic acid and ammo-
nia concentrations, and for the efficiencies of
the and microbial N production.

Discussion

The main criteria for successful artificial
rumen systems include: 1) maintaining a
balanced microbial population fairly repre-
senting that present in the rumen of animals
fed similar diets; 2) provision for replication;
and 3) ease of measurements. A system simi-
lar to that described here has been used earlier
by Slyter et al. (1964), and Barry et al.
(1977). However, several modifications of
these systems were made in our system. These
included the automatic control of pH and the
intermittent mixing of the fermentor content.

Few comparisons between the bacterial
populations existing in an artificial rumen and
in vivo have been made. Slyter and Putnam
(1967) identified bacterial species both from
their continuous culture and from steers fed
similar diets. They found no great difference
between the bacterial populations in vitro and
in vivo. However, the numbers of unidenti-

fied butyrate-producing bacteria and the aver-
age proportion of butyrate were increased in
the fermentors. A tendency to an increased
production of butyrate during the fermenta-
tion was also found in this study.

The average total N content of the bacterial
mass isolated from the effluent was higher
than that observed by Smith and McAllan
(1974) with cows. This may, however, be due
to the smaller dietary contamination of the
isolated bacterial mass in this experiment, as
it has been proposed that the N content itself
may be used as a tentative indicator of purity
(the higher the N concentration, the purer the
isolate) (Storm and Orskov 1983). The pu-
rine base content of the bacterial preparations
and of the effluent were in the same range as
those observed by Ushida et al. (1985) for
bacterial preparations and duodenal digesta
obtained from sheep. The nucleic acid N: to-
tal N ratio was lower than that observed by
Zinn and Owens (1986) with steers (0.124 vs.
0.149). This may be a consequence of the
higher total N content of the bacterial mass.

The greatest difference between the rumi-
nal microbial population in vivo and in the ar-
tificial rumen systems is the decrease in the
protozoa numbers during the first three to
four days of incubation, usually from 105

to 104 counts/ml (Slyter et al. 1964, Hoover
et al. 1976 a, Merry et al. 1987). This was
also the situation in the present study and in
the preliminary experiments with hay/barley
or oven dried silage/barley diets, when the
rumen fluid was taken from sheep (Mietti-
nen and Setälä unpublished results). The
large Holotrich species are the first to dis-
appear from the fermentors. The principal
types remaining are small Oligotrichs, main-
ly Entodinia spp.

The protozoa numbers decline mainly be-
cause their generation time is greater than
their residence time in the fermentors, and
they are washed out from the fermentors. In
our experiments the dilution rate was 1.32
volumes/day, on the average, and the pro-
tozoa numbers at a steady-state were 2.5 x
lOVml. Usually in the continuous culture
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systems based on a simple overflow (Rufner
et al. 1963, Slyter et al. 1964), or also in the
dual flow systems, when the dilution rate is
too high (Hannah et al. 1986) the protozoa
survive only for short periods. The protozoa
numbers in our system are at the same level as
in dual flow systems (Hoover et al. 1976 a,
Merry et al. 1987). The reasons for this may
be the intermittent stirring of the fermentor
content and the adjustment of the pH above
6.0. Both vigorous mechanical agitation and
a low pH can adversely affect the protozoal
capacity for survival.

The present results provided substantial
confirmation of our preliminary finding that
steady-state conditions in the system described
can be achieved within three to four days
(Miettinen and Setälä, unpublished results).
The only exception in this respect is the am-
monia concentration in the fermenters. The
reasons for the slow decline in the ammonia
concentration, which was also seen in the
preliminary experiments, are difficult to ex-
plain. However, there may have been changes
in the amount or type of bacteria in the fer-
menters which affected the hydrolysis and
degradation of feed protein and/or the uptake
of degradation products by the bacteria.

The plateau valuefor the ammonia concen-
tration (5 mM) is in the same range that in
other artificial rumen systems (Crawford et
al. 1980 b, Merry et al. 1987) and near the
optimal range (3.5 mM) suggested by Satter
and Slyter (1974) for optimal synthesis of
microbial protein.

The plateau values for total VFA concen-
trations and molar proportions of the in-
dividual VFAs were fairly typical of diets con-

taining 50 % roughage (Table 1) (Czerkawski
1986). The reason for the higher efficiency of
the VFA production compared with typical
values found in vivo (11 vs. 6 mmol/g DM
digested) (Czerkawski 1986) or in the other
studies with continuous cultures (Crawford
et al. 1980 a) may be the slightly lower DM
digestion in our studies (43 vs. 50 %).

The daily microbial N flow from the fer-
menters was also in the same range as in the
similar in vitro systems (Crawford et al.
1980 a, Merry et al. 1987). The reason for
the higher efficiency of the microbial N pro-
duction than generally found in in vivo or
in vitro systems (45 vs. 30 g/kg OMD) (Czer-
kawski 1986, Komisarzuk et al. 1987) may be
the lower amount of OMF. However, com-
pared to the study of Komisarzuk et al.
(1987), the amount of microbial protein syn-
thetized was greater in our system in spite of
the same amount of the OMF.

Conclusions

The results of this study indicate that the
continuous culture system described can pro-
vide a reasonable estimate of rumen fermen-
tation, and can thus be used as an alternative
method for examining rumen fermentation
without the cost and labor of studies made
in vivo.
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SELOSTUS

Jatkuvatoimisen fermenlorisystcemin
(ns. keinopölsin) rakenne ja soveltuvuus
pötsikäyinisten tutkimiseen

Harri Miettinen ja Jouko Setälä
Valion tutkimus- ja luolekehilyskeskus
PL. 176 00181 Helsinki

Tutkimuksessa selvitettiin ns. keinopötsijärjestelmän
rakennella ja soveltuvuutta märehtijöiden pötsikäymis-
len tutkimiseen. Järjestelmä käsittää kokonaisuudessaan
6 fermenloriasliaa (nestetilavuus 700 ml) jotkapidetään
39°C asteisessa vesihauteessa. Kokeen alussa fermentori-
astioihin pannaan n. 600 ml juustokankaan läpi suoda-
tettua pötsinestettä. Jatkuvan läpivirtauksen aikaansaa-
miseksi fermentoreihin pumpataan jatkuvasti koostumuk-
seltaan lehmän sylkeä vastaavaa puskuriliuosta halutul-
la nopeudella. Fermentoreisla ylivuotoputkea pitkin vuo-
tavan pötsinesteen ja hajoamattoman rehumassan seos
kerätään ylivuotoastioihin jotka tyhjennetään päivittäin.
Fermentoreiden sisältöä sekoitetaan jaksottaisesti säädet-
tävän ohjelman mukaisesti. Fermentoreihin lisätään kah-
desti päivässä hienoksi jauhettuakuivaa rehua. Fermen-
toreiden pH pidetään halutulla tasolla emäsliuoksen avul-
la. Sekoituksen ja pH :n säätely tapahtuu automaattises-
ti pienoistietokoneen avulla.

Järjestelmän soveltuvuuden tutkimiseksi suoritettiin
kaksi koesarjaa yhteensä 10 fermentorilla. Fermentorei-
hin lisätty rehuannos (24 g/pv.) koostui ohrasta (50 %)

ja pakastekuivatusta säilörehusta (50 %). Fermentoreis-
ta ja ylivuodosta otetuista näytteistä määritettiin rehu-
annoksen kuiva-aineen ja orgaanisen aineen sulavuudet,

haihtuvat rasvahapot, maitohappo,ammoniakki, mikro-
bityppi ja alkueläinten lukumäärät.

Rehun sulavuuden, haihtuvien rasvahappojen ja mik-
robitypen suhteen tasapainotila fermentoreissa saavutet-
tiin 3—5 päivässä. Ammoniakkipitoisuuden suhteen ta-
sapainotilan saavuttaminen kesti n. Il —l4 vrk. Alku-
eläinten lukumäärä väheni ensimmäisten koepäivien ai-
kana n. kymmenesosaan alkuperäisestä.

Tasapainotilassa haihtuvien rasvahappojen pitoisuus ja
yksittäisten rasvahappojen suhteet sekä ammoniakin pi-
toisuus vastasivat hyvin eläinkokeissa tai muissa keino-
pötsikokeissa vastaavanlaisella ruokinnalla saatuja tulok-
sia. Mikrobitypen synteesin tehokkuus oli tässä systee-
missä hieman suurempi tyypillisiin in vivo tai in vitro tu-
loksiin verrattuna. Alkueläinten lukumäärän vähenemi-
nen on tyypillistä kaikille keinopötsisysteemeille. Alku-
eläinten lukumäärä tasapainotilassa oli tässä systeemis-
sä samaa suuruusluokkaa kuin muissa vastaavanlaisissa
keinopötseissä.

Kokeissa saadut tulokset osoittivat, että tässä kuvat-
tua keinopötsijärjestelmää voidaan käyttää märehtijöi-
den pötsikäymistapahtumien tutkimiseen. Järjestelmä tar-
joaa siten vaihtoehdon kalliille ja työläille eläinkokeille.
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