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Cloned fragments of genomic DNA from the ruminal anaerobe Bacteroides ruminicola subsp. brevis B14 were
isolated and used as hybridization probes to identify closely related bacterial species. One DNA fragment
unique to strain B14 was tested to determine its sensitivity in detecting homologous sequences among total
ruminal microbial DNA. In a DNA titration experiment, the probe was capable of detecting strain B14
sequences in vitro down to 0.1% of the total bacterial DNA present in a hybridization assay. There was no
detectable signal for total ruminal bacterial DNA. The specificity of this DNA fragment was exploited to
enumerate strain B14 in a fresh mixed suspension of ruminal bacteria in vitro and after inoculation of the strain
into the rumen. In vitro strain B14 had a half-life of 9 h. However, following inoculation into the rumen there
was a very rapid loss of the strain to below the detectable limit within 3 h. The half-life was less than 30 min.
This loss was not due to ruminal dilution or to bacteriophage attack but was possibly the result of a specific
bacteriocinlike activity present in the rumen and detectable in fresh ruminal fluid.

The rumen contains a complex microbial flora (2, 6) made
up of populations of microorganisms that interact and com-
pete for their survival. The behavior of any particular
bacterial species within this ecosystem is therefore the
subject of considerable interest, especially when it concerns
selection for a specific species as the result of a dietary
change (20). Recently proposals to introduce genetically
manipulated bacteria into the rumen (5, 18) have also raised
the question of microbial competition in this environment.

Extensive studies of the existing microflora in the rumen
and changes in the microbial population that follow manip-
ulation of the feed supply have been done (20). However,
little is known of the mechanisms of competition in the
rumen. Nevertheless, the introduction and retention of ru-
minal bacteria having the capacity for mimosine metabolism
(9) into cattle have clearly demonstrated the potential for
modified ruminal fermentation through manipulation of the
ruminal microflora.

Despite the importance of microbial competition and
survival in ruminal function, it has been extremely difficult to
analyze changes in microbial populations because of the
imprecision of morphological classification techniques for
even the most predominant species of ruminal bacteria in
ruminal extracts (13). This is particularly true for the pleo-
morphic Bacteroides species. Moreover, culturing ruminal
bacteria for the purpose of determining the representation of
a specific species is methodologically difficult, involving a
series of metabolic tests, and suffers from the criticism that
the selection pressure on any one species may change when
a population is transferred from the rumen to a culture dish
containing either defined or complex medium. No simple
selective or differential medium exists for Bacteroides spe-
cies. Similar problems have been encountered in analyzing
colonic anaerobes in human fecal material (15).
The most direct way to overcome these difficulties is to

use highly specific DNA probes to distinguish between
related and unrelated bacterial species and to quantitate the
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proportional representation of a specific species in a mixed
culture. Such a method has the advantages of not requiring
complex and time-consuming metabolic tests and of being
able to be performed on crude isolates without prior cultur-
ing in vitro. DNA-DNA hybridization techniques have been
used previously to identify and enumerate Bacteroides vul-
gatus and B. thetaiotaomicron in human feces (14, 15), and
16S ribosomal RNA sequence probes have been used to
determine phylogenetic relationships among various bacte-
rial species (8).

In this paper, we report the isolation of a DNA sequence
unique to B. ruminicola subsp. brevis B14, a laboratory
strain of a common ruminal anaerobe, and the use of this
probe in DNA-DNA hybridization experiments to determine
the survival time of this organism in a mixed culture in vitro
and when introduced into the rumen. Results from these
experiments suggest that this Bacteroides strain is destroyed
rapidly both in the rumen and, to a lesser extent, in in vitro
ruminal cultures. There are reports (4, 17) of the existence of
bacteriocins produced by aerobic bacteria, and bacteriocins
from the anaerobe Lactobacillus acidophilus (12) and from
the human colonic species B. fragilis (16) have been charac-
terized. It would therefore not be surprising to find similar
agents in the rumen. We report here evidence for the
existence of a B. ruminicola subsp. brevis-specific bacterio-
cin in the rumen and preliminary tests of its activity.

MATERIALS AND METHODS

Bacterial cultures and media. Cultures of B. ruminicola
subsp. brevis B14 and GA-33, B. ruminicola subsp. rumini-
cola D28F, Selenomonas ruminantium HD-4, and B. fragilis
were grown anaerobically in brain heart infusion broth
(Oxoid Ltd., London, England) supplemented with 0.5 mg of
L-cysteine hydrochloride per ml, 0.001% hemin, and 1 ,ug of
rezasurin per ml. Escherichia coli was grown in LB medium.
Cultures of B. ruminicola and S. ruminantium were obtained
from R. Hespell (U.S. Department of Agriculture, Peoria,
Ill.). B. fragilis was obtained from D. Guiney (University of
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Calif.). In vitro incubation of ruminal bacteria was per-
formed in 100 ml of anaerobic culture tubes by mixing 25 ml
of fresh ruminal extract with 50 ml of "artificial saliva" as
described by McDonald et al. (11). The tubes were mixed
thoroughly and incubated at 39°C for up to 2 days. Gas
pressure was automatically released through one-way valves
in the tops of the tubes.

Isolation of ruminal bacteria. Ruminal fluid samples, in-
cluding particulate matter, were obtained from sheep
through a ruminal fistula. Fibrous material was broken down
to small fragments by homogenization on ice for 1 min in an
Ultraturrax. The homogenate was squeezed through cheese-
cloth (four layers), and the filtrate was centrifuged at 100 x
g for 1 min. The pellet was discarded, and the supernatant
was used as a source of ruminal bacteria.

Isolation and cloning of genomic DNA. B. ruminicola
subsp. brevis B14 genomic DNA was isolated from 100 ml of
a late-exponential-phase culture by disrupting the cells in a
French press at 10,000 lb/in2 and then extracting the homo-
genate exhaustively with phenol-chloroform. High-molecu-
lar-weight DNA was precipitated with ethanol and recovered
by winding out on a glass rod. Following a further ethanol
wash, the DNA was dried and dissolved in TE (10 mM Tris,
0.1 mM EDTA [pH 8.0]), and 20 ,ug was digested with
EcoRI. The digested genomic DNA was ligated into the
phosphatased EcoRI site of the cloning vector pUC-19 (19)
and transformed into competent E. coli HB101 cells (10).
Transformants were selected on ampicillin (50 ,ug/ml) plates,
and clones were picked at random for further analysis.

Screening of the library. Plasmids were prepared by alka-
line lysis (10) and oligo labeled (3) with [32P]dCTP. Multiple
samples of DNA from various bacterial strains were spotted
onto a nylon membrane (10) and, after being baked and
prehybridized, were hybridized with individual labeled
recombinant plasmids in 50% formamide at 42°C. After
overnight incubation, the membrane was sequentially
washed in 2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate (10) and 0.5x
SSC and then autoradiographed.

Characterization of the clone B-18 gene sequence. To dem-
onstrate that clone B-18 DNA was derived from B. rumini-
cola subsp. brevis B14, we characterized the cloned frag-
ment by restriction mapping and by hybridization to total
B14 DNA which had been digested and fractionated on a 1%
agarose gel. The B-18 insert was 1.9 kilobases (kb) long and
hybridized to 3.5-kb HindIll, 3.3-kb BglII, and 3.8-kb PstI
genomic DNA fragments (Fig. 1). The 1.9-kb insert was
radiolabeled and used in hybridization assays.

Sensitivity of the B. ruminicola gene probes. To test the
detection limit of the isolated gene probes, we mixed various
numbers of B14 cells with bacteria isolated from fresh
ruminal fluid to yield standards ranging from 100 to 0.01%
B14 cells. The total number of cells in each standard varied
from 1.7 x 1011 to 3.4 x 1011. Standard mixtures were
centrifuged, and the pelleted cells were snap frozen, thawed
quickly, and prepared for DNA extraction as described
above. Precipitated DNA was recovered by centrifugation,
washed in 70% ethanol, dried, and dissolved in TE. Samples
(1, 5, and 10 p.g) of each DNA standard were denatured in
alkali and spotted, in duplicate, onto Biotrace nylon mem-
branes. One set of standards was hybridized with the labeled
pB-18 DNA probe, and the other was hybridized with the
pB-8 DNA probe. To ensure that the specific activity of the
pB-18 probe was as high as possible for some experiments,
the pB-18 insert was not used directly but was excised from
the pUC-19 vector and recloned into a Bluescribe (Vector

Cloning Systems, Integrated Sciences, Sydney, Australia)
vector. This modification allowed transcription of the se-
quence with the T7 promoter and [32P]CTP to yield an RNA
probe with a specific radioactivity of at least 109 cpm/,Lg of
DNA template. Hybridization reactions with either RNA or
DNA probes were quantitated by cutting out the autoradio-
graphically visualized spots and counting the radioactivity.
Calculations from the standards were based on the demon-
stration that the strength of the B14 hybridization signal
reflected the proportion of B14 cells in the original cell
mixture.

Inoculation of B. ruminicola subsp. brevis B14 into the
rumen. A 2-liter saturated culture (3 x 109 cells per ml) of
B14 cells was centrifuged under a CO2 atmosphere and
suspended in 50 ml of brain heart infusion medium. The cells
were immediately inoculated, through a fistula, into the
rumen of a sheep which had been maintained on a protein-
rich diet of lucerne (500 g/day) plus wheaten straw (200
g/day) and from which a preinoculation sample had been
taken. The first postinoculation sample was taken at 30 min.
Samples were treated as described above for the standards
and hybridized with the RNA probe. The DNA standards
were always included on the same filter as these samples;
therefore, after the hybridization, a direct comparison with
the signals from the standards allowed the percentage of B14
cells in the samples to be determined.

Bacterial cell numbers. Bacterial cell numbers were deter-
mined by counting, in duplicate, cells present in 103- and 104-
fold dilutions of samples by using a hemacytometer cham-
ber. Cell counting in ruminal samples was performed by first
processing crude ruminal fluid as described above and then
counting cells in the supernatant. For the in vitro mixed
culture experiment and the in vivo ruminal inoculation
experiment, bacterial cell numbers were determined by
separately counting cell numbers in ruminal samples and in
pure B. ruminicola subsp. brevis B14 cultures and then
mixing the two in appropriate proportions.
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FIG. 1. Characterization of pB 18 DNA. B. ruminicola subsp.
brevis B14 DNA (10 p.g) was digested to completion with Bglll (lane
A), Hindlll (lane B), and Pstl (lane C) and fractionated on a 1%
agarose gel. The restriction fragments were transferred to a nylon
membrane and probed with radiolabeled pB-18 DNA. Size markers
were from Hindlll-digested lambda DNA. Kb, Kilobases.
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FIG. 2. Identification of Bacteroides-specific gene probes. Sam-

ples (10 [i.g) of various bacterial DNAs were multiply spotted onto

nylon membranes, separated into strips, and hybridized with dif-

ferent randomly cloned fragments from B. ruminicola subsp. brevis

B14. Rows A to D, Total DNA from B. ruminicola subsp. brevis B14

and GA-33, S. ruminantium HD-4, and B. fragilis, respectively.
Columns 1, 8, 17, and 18 represent different radiolabeled probes
from the strain B14 genomic library.

Bacteriocin assay. Bacteriocin was assayed by the critical

dilution method (7), and activity was expressed as the

highest dilution above which growth of a standard cell

population on agar plates became visible.

RESULTS

Screening of the B. ruminicola subsp. brevis B14 genomic

library. Recombinant plasmids containing chromosomal

DNA inserts from B.ru;minicola subsp. brevis B14 were

screened in dot blot assays for hybridization to DNA iso-

lated from various Bacteroides strains as well as S. ruini-

nantiurn and E. cli. A number of recombinant plasmids
hybridized to DNA from B. r umninicola subsp. brevis B14
and GA-33 but not B. fragilis, S. ruminantium HD-4, or E.

coli. One plasmid, pB-18, showed specific hybridization to

DNA from B. rugninicola subsp. brevis B14 but did not

hybridize to strain GA-33 DNA or to DNA from any other

Bacteroides or Selenomonas strain (Fig. 2). Nonrecombi-

nant plasmid DNA showed no homology with DNA isolated

from any of the ruminal anaerobes. Recombinant plasmids
pB-8 and pB-18 were also tested for hybridization to total

DNA isolated from a mixed bacterial population freshly
isolated from the rumen of a fistulated sheep which had been

maintained on a high protein diet. In dot blot assays con-

taining up to 10 gig of total ruminal DNA per dot, there was

little detectable hybridization of either the PB-8 sequence or

the pB-18 sequence (results not shown). Only purified con-

trol DNA from B. ruminicola subsp. brevis B14 reacted in

this assay. The minimum amount of control DNA detectable

on the blots was 50 ng. This amount of DNA was obtained
from approximately 2 x id0 bacteria. In contrast, an S.

ruminantium HcD-4-specific DNA probe (isolated from a

genomic library in a similar way as the B. runinicola subsp.
brevis B14 clone) showed positive hybridization to total

ruminal DNA (results not shown), indicating, by reference to

standards, a population of approximately 108 selenomonads

per ml of ruminal sample. These results demonstrate the

sensitivity of the assay procedure and show that with DNA

probes, bacterial populations in the rumen can be studied

directly.
Use of pB-18 to enumerate B. ruminicola subsp. brevis B14.

B. ruminicola subsp. brevis B14 cells were mixed in increas-

ing proportions with a heterogeneous bacterial population
from a fresh ruminal sample. Total DNA was extracted from
the mixtures, and 1-, 5-, and 10-,ug samples were spotted
onto nylon membranes along with appropriate controls. The
DNA was hybridized with labeled pB-18 DNA, and after
being washed the membranes were autoradiographed. The
amount of labeled pB-18 probe which hybridized to the DNA
dots increased in proportion to the amount of B14 DNA
present in the mixtures (Fig. 3). There was no hybridization
signal for ruminal bacterial DNA alone; with 10 ,ug of DNA
from a mixture of ruminal bacteria and strain B14 per spot,
a strain B14 hybridization signal could be readily detected
when strain B14 cells represented 1% of the total bacterial
cell number and, by extrapolation of the data, at least 0.5%.
The 10-,ug sample of DNA represented approximately 1% of
the total DNA extracted from each cell mixture. Sensitivity
could be increased to 0.1% when 100 ,ug ofDNA was applied
to the nylon membrane (results not shown). In comparing
results between subsequent experiments it was important to
include internal standards on each hybridization membrane.

Survival of B. ruminicola subsp. brevis B14 in a mixed
culture in vitro and in vivo. The pB-18 probe was used to
monitor the survival of strain B14 cells inoculated into mixed
ruminal bacterial cultures in vitro and inoculated directly
into the rumen of a sheep.
For the in vitro experiment, 25-ml cultures of ruminal

bacteria were inoculated with various amounts of strain B14
cells to yield initial proportions of 10 and 50% of the total
bacterial cell number. Samples were taken at intervals over
48 h, and total bacterial DNA was prepared as described in
Materials and Methods.
For the in vivo experiment, approximately 3 x 1012 or 1 x

10'3 cells of strain B14 were introduced, in separate exper-
iments, through a fistula into the rumen of a sheep, yielding
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FIG. 3. Sensitivity of B. ruminicola subsp. brevis B14 detection

in a mixture with total ruminal microbial DNA. Strain B14 cells were
mixed in various proportions with total ruminal bacteria, and 1 (lane
A)-, 5 (lane B)-, and 10 (lane C-p.g samples of DNA from each
mixture were spotted onto nylon membranes. The membranes were
hybridized to a radiolabeled pB-18 DNA probe. The numbers on the
left represent the proportions of strain B14 cells in the mixtures.
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an initial inoculum of approximately 3 or 10% strain B14
cells, respectively. Samples of ruminal bacteria were taken
after 30 min and then at intervals for the next 2 days. Total
bacterial DNA was prepared from these samples as de-
scribed above.
DNAs from both the in vitro and in vivo experiments were

assayed by dot blot hybridization to the pB-18 RNA probe
prepared as described in Materials and Methods, and hybrid-
ization signals were compared with those obtained for stan-
dard DNA mixtures on the same membrane. In the in vitro
culture (Fig. 4a), total cell numbers decreased by 50% over
48 h, but strain B14 cell numbers decreased by the same
proportion in 9 h. The latter represents a loss of approxi-
mately 3 x 108 cells per h as compared with 108 cells per h
for the total population. By contrast, in vivo the decrease in
strain B14 cell numbers was precipitous, such that by 30
min, 25% of the inoculum had disappeared (Fig. 4b). After 3
h, there was no detectable strain B14 DNA in any of the
samples, a situation which continued for all subsequent time
points. These data represent a loss in vivo of at least 3 x 1012
cells per h. Based on the sensitivity of the assay, these data
would represent a population of less than 107 strain B14 cells
per ml left in the rumen after 3 h of incubation.

Analysis of B. ruminicola subsp. brevis B14 loss in the
rumen. The rapid loss of strain B14 cells from the rumen was
faster than could be explained by simple dilution or ruminal
turnover and could have been the result of either bacterio-
phage-mediated lysis or the activity of a specific bacteriocin.
To investigate the possibility that a bacteriophage was
responsible, we spotted freshly prepared lawns of strain B14
cells with various dilutions of freshly clarified ruminal fluid
and incubated them overnight. Zones of inhibition appeared
wherever ruminal fluid had been placed. Isolates were taken
from these zones, mixed with fresh cultures of strain B14,
and replated. If the previous inhibition were due to cell lysis
and the release of phage, bacteriophage plaques should then
have been seen. Clarified ruminal fluid was also serially
diluted, mixed with strain B14 cells, and plated.
There was no evidence of plaque formation upon reinfec-

tion. Neither following dilution nor in liquid cultures could
reinfection and lysis be demonstrated. Primary growth inhi-
bition mediated by ruminal fluid spotted onto plates was
demonstrated repeatedly with fluid taken several times from
the same or different sheep, although the critical dilution of
bacteriocidal activity varied between different animals.
These data suggest the possible presence of a ruminal
bacteriocin active against B. ruminicola subsp. brevis B14.
The specificity of bactericidal activity was tested on lawns

of other bacterial strains and species. When diluted (up to
fourfold), clarified ruminal fluid was active against B. rumi-
nicola subsp. brevis GA-33 but was not active against B.
fragilis, B. ruminicola subsp. ruminicola D28F, or E. coli.
There was some activity against S. ruminantium HD-4, but
only with concentrated ruminal fluid. These data suggest that
the rapid loss of strain B14 cells from the rumen may have
been due to the presence of a soluble, B. ruminicola subsp.
brevis-specific toxin whose properties resemble those of a
bacteriocin (16).

DISCUSSION

The data presented in this paper demonstrate the use of a
specific DNA probe to enumerate a single bacterial strain in
a mixed microbial population in vitro and after inoculation
into the rumen of a sheep. The sensitivity of the technique is
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FIG. 4. Survival of B. ruminicola subsp. brevis B14 in mixed
cultures in vitro and when introduced into the rumen. (a) In vitro
culture. Strain B14 cells were inoculated into mixed cultures of
ruminal bacteria at levels of 10 and 50%. Cultures were incubated,
and samples were taken at regular intervals for DNA analysis with
the RNA hybridization probe. Parallel samples were used for cell
number determination. Data are expressed as equivalent cell num-
bers based on DNA standard curves. Symbols: A, total cell number,
10% inoculum; A\, total cell number, 50o inoculum;*, strain B14
cell number, 10%3o inoculum; 0, strain B14 cell number, 50%
inoculum. (b) In vivo culture. B. ruminicola subsp. brevis B14 cells
were introduced into the rumen at initial inocula of 3 and 10%.
Samples were taken at intervals over a 48-h period and analyzed as
described above for B. ruminicola subsp. brevis B14 DNA content.
Only results for the 10% inoculum are shown. Lanes: A, 10,ug of
sampleDNA taken at the times (in hours) shown on the left; B,
DNA standards of strain B14-ruminal bacterial mixtures in the
proportions (percentages) shown on the right. PRE, Preinoculation.

such that at least 50 ng of B. ruminicola subsp. brevis B14
DNA, equivalent to approximately 2 x 107 cells, can be
detected in a single blot. This sensitivity is similar to that
reported by Salyers et al. for the enumeration of B. thetaio-
taomicron (15), although the latter assay procedure involved
enzymatic digestion of the DNA and fractionation on an
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agarose gel before hybridization. Our results also compare

favorably with those obtained with 16S rRNA probes, with
which, because of the higher copy number in the genome, a

sensitivity of 0.02% has been reported (8). The major limi-
tation to increasing the sensitivity beyond 0.1% in our assay

is the saturation limit for DNA on nylon membranes. Enu-
meration of specific bacteria in the rumen at densities
substantially lower than 107 cells per ml can only effectively
be done by selective culturing and microscopic examination.
One potential problem in ruminal manipulation is the

establishment of a new bacterial population against fierce
competition from endogenous strains. The sensitivity of the
gene probe assay procedure has allowed us to examine this
problem. The results of the mixed-culture experiments in
vitro demonstrated that although total bacterial cell numbers
declined by 50% over the period of the experiment, the
introduced strain B14 cells were destroyed at a rate at least
threefold greater than this. In contrast, the rate of cell loss in
vivo was considerably greater than that in vitro and was

calculated to be at least 3 x 1012 cells per h. These results
suggest that B. ruminicola subsp; brevis B14 may be the
target of an active destruction process and therefore may not
be an appropriate strain for manipulation and introduction
into the rumen, at least of sheep. A previous report (1) on the
retention of exogenous nonruminal organisms in the rumen

demonstrated a wide range of effects on bacterial viability
but did not examine the cause of these effects.

In the work described above, dilution and reinfection
experiments clearly showed that cell loss was not due to
bacteriophage attack or to the action of protozoa. The loss of
strain B14 cell numbers was, therefore, most likely due to a

rapidly acting toxin present in ruminal fluid and having a

specificity for sensitive strains of B. ruminicola subsp.
brevis. This hypothesis would also explain the apparent
anomaly in the in vitro incubation experiments, in which
strain B14 cells were lost at a slower rate than in the rumen.

Since bacteriocins usually act with single-hit kinetics (4), the
inoculation of a large quantity of sensitive cells into a small
ruminal sample could effectively eliminate the toxin and still
leave some viable cells. In the in vitro ruminal culture, the
synthesis of more bacteriocin may occur only slowly.

Alternatively, the toxin could be the product of dying
ruminal Bacteroides cells. If this were the case, the rate of
loss of sensitive cells would vary with Bacteroides cell
density in the rumen or in cultures. Although bacteriocins
have not, to our knowledge, been reported in ruminal fluid,
they have been described in and isolated from L. acidophilus
(12), a common ruminal anaerobe, and from the human
colonic anaerobe B. fragilis (16). It would not be surprising
then to find such a toxin in the rumen, particularly because
of the selective advantage that such a toxin could give to its
resistant producer strain (17), especially under conditions of
nutritional deprivation. The sensitivity of strain B14 to such
a toxin could also reflect differences between the microbial
populations of American cattle (the original host of B.
ruminicola subsp. brevis B14) and Australian sheep.

Preliminary characterization experiments showed that the
bacteriocinlike activity appears to be at least subspecies
specific, showing selective killing activity against B. rumini-
cola subsp. brevis strains but not against other Bacteroides
strains. There was a slight activity against S. ruminantium
HD-4, but only with undiluted ruminal fluid. Whether this
result reflects the presence of a different toxic agent in the
fluid or some nonspecific effect against this laboratory strain
is not known. Further work to purify the toxin and identify
its producer is currently in progress.

In summary, the results of this work demonstrate the
feasibility of using gene probes to study changes in popula-
tions of major species of bacteria in the rumen and underline
some of the difficulties which may be encountered when
attempting to introduce new bacterial strains. On the other
hand, a B. ruminicola subsp. brevis-specific bacteriocin may
prove to be an advantage in gene transfer experiments if the
toxin were to be plasmid encoded. Since producer strains are
usually resistant to bacteriocin attack, if B. ruminicola
subsp. brevis B14 cells were transformed with a bacteriocin-
producing plasmid, expression would provide a natural
positive selection system in the rumen. A vector constructed
from such a plasmid may form the basis of a new genetic
transformation system for ruminal bacteria.
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