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Abstract

While trying to develop a most probable number (MPN) selective medium for the enumeration of

Ruminococcus albus 7 and Ruminococcus flavefaciens B1a in coculture, it was observed that when

cultures of the two organisms were mixed for testing the media, growth of R. flavefaciens B1a was

inhibited. Subsequent studies indicated that R. albus 7 produced an inhibitory substance that was

present in cell-free culture filtrates and the extent of inhibition increased with the quantity of R.

albus filtrate. R. albus, MO2a and MO3g were also tested for inhibitory activity against R.

flavefaciens B1a, B34b, R13e2 and C1a, Fibrobacter succinogenes S85 and Butyrivibrio

fibrisolvens H17c. R. flavefaciens B1a and C1a were found to be inhibited by all strains of R.

albus and strain B34b was inhibited by R. albus MO2a and MO3g. The inhibitory substance(s) was

heat-labile and destroyed by protease. When R. albus strains were cocultured with a proteolytic

organism isolated from the rumen, B. fibrisolvens H17c, inhibitory activity was decreased or

completely destroyed. These results suggest that the inhibitory material is proteinaceous and may

be a bacteriocin-like compound. # 1999 Elsevier Science B.V.
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1. Introduction

When several types of bacteria are grown together in the same medium, antagonistic

interactions sometimes occur. With closely related species, this antagonism can result

from the production of specific bactericidal proteins called bacteriocins (Tagg et al.,

1976; Barefoot and Klaenhammer, 1983; Barefoot and Nettles, 1993). Although growth

inhibition by bacteriocins has been studied in detail in the food and dairy industries, little
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is known about their possible production by rumen bacteria. Iverson and Mills (1976)

surveyed 47 strains of Streptococcus bovis for bacteriocin-like activity. Of the 23 S. bovis

strains in their study which were isolated from the rumen, only one produced any

inhibitory substances. Although not considered to be a major genus in the rumen, five

strains of ruminal staphylococci have been observed to produce antimicrobial activity

which, to varying extents, also inhibited three strains of ruminococcus and a ruminal

isolate of E. coli (LaukovaÂ and MarekovaÂ, 1993).

In a more complete study, Odenyo et al. (1994) reported that Ruminococcus albus 8

released an antagonistic substance which inhibited the growth of R. flavefaciens FD-1

when both organisms were cocultured in either cellobiose or cellulose medium. Adding

pronase E or a-chymotrypsin into cell-free culture supernatants from R. albus 8 destroyed

the antagonistic activity, while boiling at 1008C for 10 min did not. Growth of

Fibrobacter succinogenes was not affected in coculture with R. albus 8.

Forty-nine strains of Butyrivibrio fibrisolvens, isolated from the rumen of various

animal species at widely separated geographical locations, were tested for the production

of bacteriocin-like compounds (Kalmokoff et al., 1996; Kalmokoff and Teather, 1997).

Inhibitory activity against other Butyrivibrio strains was produced by 25 of the isolates;

however, the extent of inhibition varied considerably between strains. The inhibitors from

18 of the isolates were sensitive to digestion by both pronase and chymotrypsin, but were

resistant to gastric proteases like pepsin and trypsin. Differences in both the extent of

inhibition and sensitivity to proteases, suggested that a number of different inhibitors may

be produced. At least 12 strains (six different genera) of other ruminal bacteria were

inhibited to varying degrees by the Butyrivibrio produced inhibitors. The bacteriocin-like

inhibitor from one isolate was purified and identified as a single peptide with a molecular

mass of approximately 4000 Da. This bacteriocin, butyrivibriocin AR10, is the first to be

isolated from an anaerobic ruminal bacteria.

Fondevila and Dehority (1996) observed a somewhat different type of inhibition in

forage cellulose digestion when F. succinogenes and R. flavefaciens were cocultured. The

inhibitory activity was only produced when the organisms were cocultured and was stable

to autoclaving at 1218C for 20 min.

During some preliminary experiments in our laboratory, it was observed that R. albus 7

inhibited the growth of R. flavefaciens B1a when they were cocultured. The present study

was undertaken to investigate this inhibitory activity and included the following

objectives: (1) to determine whether the inhibitory activity of R. albus 7 was cell

associated or released into the medium; (2) to determine if inhibition was concentration

dependent; (3) to survey other strains of R. albus for production of inhibitors; (4) to test

other strains of R. flavefaciens and different species for susceptibility to this inhibitory

activity; and (5) to study properties of the inhibitor(s).

2. Materials and methods

2.1. Organisms and media

Organisms used for these studies were strains 7, MO2a and MO3g of Ruminococcus

albus, strains B1a, B34b, R13e2 and C1a of Ruminococcus flavefaciens, Fibrobacter
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succinogenes S85 and Butyrivibrio fibrisolvens H17c. All organisms were isolated

from the rumen. Characteristics of these strains have been described previously (Bryant

and Doetsch, 1954; Bryant et al., 1958; Dehority, 1963, 1966, 1986). Anaerobic

techniques were similar to those described by Hungate (1950), with the modifications

of Dehority (1969). Selective Most-Probable-Number (MPN) media, based on

nutritional requirements and differences in substrates utilized, were formulated to

determine concentrations of R. albus 7 and R. flavefaciens B1a in mixed culture

(Table 1). Inoculum for each organism was grown overnight (18±24 h) in the same

selective medium, except the carbohydrate concentration was reduced to 0.5%. The

selective B1a roll tube agar medium was identical to selective B1a MPN medium,

except it contained 2% agar. Strain 7, B1a and a mixture of 7 and B1a were diluted

with anaerobic dilution solution (ADS) and inoculated into selective 7 and B1a media

separately.

Bacterial growth in the MPN assay was determined by a decrease of at least 0.2 unit in

medium pH after 7 days of incubation at 388C and the numbers were determined from a

most-probable number table. All experiments were repeated at least three times.

2.2. Culture filtrates and washed cells

R. albus culture filtrates were prepared by centrifuging the inoculum medium at

12 500 � g for 20 min and then filtering the supernatant through a 0.2 mm pore size

membrane filter (Acrodisc; Gelman Sciences, Ann Arbor, MI). The sedimented R. albus

cells were washed with 9 ml of sterile ADS, centrifuged at 12 500 � g for 20 min, and the

supernatant was discarded. The washing procedure was repeated twice before adding

Table 1
Composition of selective MPN media for Ruminococcus flavefaciens B1a and Ruminococcus albus 7

Ingredient Selective MPN medium for:

B1a 7

Mineral solution A (ml)a 60 60

Mineral solution B (ml)a 60 60

Resazurin solution (0.0001%) (ml)a 0.3 0.3

Vitamin mixture (ml)a 3 3

Trypticase (g) 0.5 0.5

Sucrose (g) 3 0

Cellobiose (g) 0 3

Clarified ruminal fluid (ml)b 30 0

2-Methylbutyric acid (2.56%) (ml) 0 1

Volatile fatty acid mixture (ml)c 1.35 0

Sodium carbonate solution (0.4%) (ml) 10 10

Cysteine±HCl solution (0.05%) (ml) 10 10

Distilled water (ml) 125.35 155.7

aScott and Dehority (1965).
bObtained from strained ruminal fluid centrifuged at 12 500 � g for 20 min.
cCaldwell and Bryant, 1966.
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enough ADS to bring the volume back to that of the original inoculum culture. All

procedures were conducted under anaerobic conditions.

2.3. Location of inhibitory activity in culture

One ml of an 18±24 h R. flavefaciens B1a culture was serially diluted in ADS and

inoculated into selective B1a MPN medium as a control. One ml of R. albus 7 cell-free

culture filtrate and 1 ml of strain B1a inoculum were added to a tube containing 8 ml of

ADS. The mixture was serially diluted to 10ÿ10 and inoculated into selective B1a MPN

medium. One ml each of resuspended R. albus 7 washed cells and strain B1a inoculum

were also serially diluted in ADS and inoculated into selective B1a roll tube agar

medium. Four roll tubes were used at each dilution (10ÿ5±10ÿ8). An equivalent

concentration of resuspended R. albus 7 cells were also inoculated into selective 7 MPN

medium to test the viability of R. albus 7 cells after centrifugation and washing.

2.4. Concentration studies

To test whether the extent of inhibition was based on concentration, 1, 2, 2.5, 3 and

3.5 ml of R. albus 7 culture filtrate were mixed with 1 ml of R. flavefaciens B1a inoculum

and the volume was made up to 10 ml with ADS. These mixtures were serially diluted

and inoculated into selective B1a MPN medium.

2.5. Survey of inhibitory activity in various cultures

Three ml of culture filtrates from R. albus 7, MO2a and MO3g (prepared as described

earlier) were added to 1 ml aliquots of inocula from several different organisms (R. albus

7, MO2a and MO3g, R. flavefaciens B1a, B34b, C1a and R13e2, F. succinogenes

S85, and B. fibrisolvens H17c) in order to test the possible inhibitory interactions.

The mixtures were serially diluted with ADS. Inoculum and MPN media for all of

the additional organisms was the selective cellobiose medium (R. albus 7) listed in

Table 1, with the volatile fatty acid mixture replacing 2-methylbutyric acid. Sucrose

medium, with the addition of clarified ruminal fluid, was utilized for growth of strain

B1a.

2.6. Properties of inhibitor(s)

To investigate the general characteristics of the inhibitory substance(s), three assay

systems were used, that is, R. albus 7 filtrate and R. flavefaciens B1a, R. albus MO2a

filtrate and R. flavefaciens B34b, R. albus MO3g filtrate and R. flavefaciens C1a. Filtrates

of R. albus 7, MO2a and MO3g were autoclaved at 1218C for 20 min or mixed with a

non-specific protease from Streptomyces griseus (1000 mg/ml of filtrate) (Sigma, St.

Louis, MO) and incubated at 378C, pH 7.5 for 2 h. After treatment, filtrates were added

with R. flavefaciens B1a, B34b and C1a inocula, respectively. Possible degradation of the

inhibitory substance(s) by a proteolytic organism isolated from the rumen was also

examined. Preliminary experiments had verified that none of the R. albus strains inhibited
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growth of B. fibrisolvens H17c. Using 0.5 ml of 24 h cellobiose broth cultures for all

organisms as inocula, each of the three strains of R. albus (7, MO2a and MO3g) were

cultured by themselves (negative controls), or cocultured with B. fibrisolvens H17c for

18±24 h. Filtrates of the cocultures and negative controls were filter sterilized, added with

the same test organisms as before and numbers were determined with a MPN assay. R.

flavefaciens B1a, B34b and C1a inoculum cultures acted as the controls.

2.7. Statistical analysis

Data were converted into logarithm values before a paired-t-test was used to detect the

level of significance (Steel and Torrie, 1980; Minitab Reference Manual, 1991).

3. Results

3.1. Enumeration of R. albus 7 and R. flavefaciens B1a in a mixture

The MPN media formulated for enumeration of R. albus 7 and R. flavefaciens B1a

were selective enough to prevent growth of the other strain (Table 2). Concentrations of

R. albus 7, determined alone or in a mixture with B1a, were not different (p > 0.29) when

measured in selective 7 MPN medium. Growth of B1a was not observed in three of four

replicates when the 7 and B1a mixture was assayed in selective B1a MPN medium.

However, it should be noted that the lowest dilution counted was 10ÿ6, and the possibility

cannot be overlooked that growth occurred in the first three replicates at a lower dilution.

The mean of all four replicates for bacterial growth in the 7 plus B1a mixture was

significantly lower than the value for B1a measured alone (p < 0.02). These data

suggested that growth of B1a was somehow inhibited in the presence of 7.

If these two organisms could be grown in a solid medium without direct contact, it was

possible that inhibition might not occur since diffusion of the inhibitory substance(s)

could be slower through a solidified medium. Using the same selective B1a MPN

medium with agar added, the concentration of B1a in a mixture of 7 plus B1a was

determined in roll tubes. No colonies developed after 7 days incubation (data not shown),

suggesting that inhibition occurred at the time the cultures were mixed.

Table 2
Enumeration of Ruminococcus albus 7 and Ruminococcus flavefaciens B1a, alone or in coculture, in selective
MPN mediuma

Organism(s) Bacterial concentration (no � 107/ml)

MPN medium for 7 MPN medium for B1a

R. albus 7 16.8 � 9.1b 0d

R. flavefaciens B1a 0c 53.0 � 17.4e

R. albus 7 � R. flavefaciens B1a 13.0 � 5.7b 0.02 � 02d

aMean values � SE of four replicates.
b,cMeans in the same column without a common superscript differ (p < 0.001).
d,eMeans in the same column without a common superscript differ (p < 0.02).
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3.2. Location of inhibitor(s)

Numbers of strain B1a, measured in the presence of 1 ml of strain 7 culture filtrate

(1.5 � 0.9 � 105), were significantly lower (p < 0.01) than that of B1a measured alone

(63.1 � 32.3 � 107). In contrast, when strain B1a and resuspended 7 cells were mixed

and inoculated into selective B1a roll tube agar medium, numbers of B1a did not differ

from those of the control (26.7 � 10.9 � 107). Washed R. albus 7 cells were completely

viable when inoculated into selective 7 MPN medium (data not shown). Based on these

results, it was concluded that the inhibition to B1a was probably caused by a soluble

substance produced by strain 7.

3.3. Levels of filtrate

When 1, 2, 2.5, 3 and 3.5 ml of R. albus 7 culture filtrate were added with strain B1a,

viable numbers of strain B1a decreased quadratically (R2 � 0.91). Compared to the

control without added filtrate, 33.8 � 107/ml, concentrations were 1.63 � 105,

1.11 � 104, 5.97 � 103, 4.53 � 103 and 1.3 � 103, respectively. Thus, inhibition was

concentration-dependent. Three ml of R. albus 7 culture filtrate added to 1 ml of B1a

inoculum reduced the numbers of B1a by 99.99%. This ratio, three parts of filtrate to one

part of inoculum culture, was used in all subsequent inhibition studies.

3.4. Response of various cultures to inhibitor(s)

No inhibition was found between the three strains of R. albus (7, MO2a and MO3g)

when culture filtrates from the different strains were added to the test inoculum (data not

shown). Concentrations of R. flavefaciens strains B1a and C1a were lower (p < 0.05) in

the presence of culture filtrates from R. albus 7, MO2a and MO3g, (Table 3). Strain B34b

was inhibited (p < 0.05) by culture filtrates from R. albus MO2a and MO3g, but not by 7

(p > 0.34). In contrast, R. flavefaciens strain R13e2 was not inhibited by culture filtrates

from any of the R. albus strains (7, p > 0.59; MO2a, p > 0.66; MO3g, p > 0.42).

Compared to the controls, no differences in numbers were observed when 3 ml of R.

albus 7, MO2a and MO3g culture filtrate was added to F. succinogenes S85 or B.

fibrisolvens H17c.

3.5. Effect of heat, protease or coculture with a proteolytic organism

The effect of autoclaving culture filtrates from R. albus strains 7, MO2a and

MO3g upon enumeration of R. flavefaciens B1a, B34b and C1a, respectively, is shown

in Table 4. For strains B1a and B34b, concentrations determined in the presence of

the autoclaved filtrates clearly did not differ from the controls (p > 0.44, p > 0.67). For

C1a, addition of the autoclaved filtrate actually increased (p < 0.01) bacterial

concentration.

When the three R. albus filtrates were treated with protease before being added to

inocula of the susceptible organisms (strains B1a, B34b and C1a), no differences in

numbers were observed (p > 0.67, p > 0.21 and p > 0.22) compared to their controls
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(Table 5). The protease enzyme added by itself (data not shown) had no effect on

bacterial concentrations.

Previous experiments (Table 3) had demonstrated that none of the three R. albus strains

inhibited growth of B. fibrisolvens H17c. Compared to the controls, no significant

differences in the concentrations of R. flavefaciens B1a, B34b and C1a were observed

(p > 0.21, p > 0.95 and p > 0.22) when culture filtrates from cocultures of individual R.

albus strains (7, MO2a and MO3g) and B. fibrisolvens H17c were added (Table 6). This

would suggest that the inhibitory substance(s) was degraded by this highly proteolytic

organism. Another possible explanation for this loss or decrease of inhibitory activity

might be a simple absorption or adsorption of the inhibitor by the second organism in the

coculture. One might also question whether the R. albus strains grew and thus produced

Table 4
Effect of autoclaving R. albus culture filtrates on their inhibitory activity against growth of R. flavefaciens B1a,
B34b and C1aa

R. flavefaciens

strain

R. albus filtrate

(strain)

Bacterial concentration

(no � 107/ml)

B1a 63.1 � 32.3b

B1a � (7) 0.015 � 0.009c

B1a �, Autoclaved (7) 41.6 � 18.4b

B34b 76.4 � 16.9e

B34b � (MO2a) 0.016 � 0.013f

B34b �, Autoclaved (MO2a) 59.5 � 16.9e

C1a 28.7 � 13.9b

C1a � (MO3g) <0.001c

C1a �, Autoclaved (MO3g) 63.0 � 30.3d

aMean values � SE, four replicates for B1a and three replicates each for B34b and C1a.
b,c,dFor each R. flavefaciens strain, means without a common superscript differ (p < 0.01).
e,fMeans without a common superscript differ (p < 0.05).

Table 5
Effect of treating R. albus culture filtrates with a proteolytic enzymea on their inhibitory activity against growth
of R. flavefaciens B1a, B34b, C1ab

R. flavefaciens

strain

R. albus

filtrate (strain)

Protease

treated

Bacterial concentration

(no � 107/ml)

B1a 36.4 � 6.2c

B1a � (7) <0.001d

B1a � (7) � 30.2 � 6.2c

B34b 59.5 � 16.9c

B34b � (MO2a) 0.03 � 0.01d

B34b � (MO2a) � 95.8 � 31.4c

C1a 38.3 � 35.7c

C1a � (MO3g) <0.001d

C1a � (MO3g) � 41.1 � 34.3c

aNon-specific protease from Streptomyces griseus.
bMean values � SE of three replicates.
c,dFor each R. flavefaciens strain, means without a common superscript differ (p < 0.05).
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inhibitor(s) when cocultured with strain H17c. However, abundant growth of all R. albus

strains was observed microscopically in the cocultures.

4. Discussion

In this study, three strains of R. albus, 7, MO2a and MO3g, were found to produce

inhibitory substance(s) which showed a narrow but specific inhibitory spectrum against

several strains of the closely related species R. flavefaciens. Loss or a decrease of

inhibitory activity by treatment of culture filtrates with either heat or a proteolytic

enzyme, would suggest the presence of a bacteriocin-like substance. Odenyo et al. (1994)

reported that R. albus 8 produced a bacteriocin-like substance which inhibited the growth

of R. flavefaciens FD-1, but not F. succinogenes S85. They suggested that bacteriocin

production is a mechanism used by R. albus to compete for nutrients. The present

findings extend our knowledge on inhibition between these species to three additional

strains of R. albus and four different species of R. flavefaciens. It is of interest that the

strain of R. flavefaciens (R13e2) isolated from reindeer in Alaska was not inhibited by

any of the R. albus strains, not even those originally isolated from musk-oxen in Alaska

(MO2a and MO3g). One possible difference in this study from that of Odenyo et al.

(1994) is that the inhibitory substance(s) in the present study was destroyed by

autoclaving for 20 min, while they found no loss in activity after boiling for 10 min.

However, characteristics of bacteriocins produced by different bacterial strains within the

same bacterial genus and species, can vary considerably both physically and chemically

(Tagg et al., 1976; Geis et al., 1983; Kalmokoff and Teather, 1997).

For survival, bacteriocin-producing organisms must establish a specific immunity to

their own and possibly homologous bacteriocins. The immunity obtained by the producer

cells seems to be induced following the adsorption of the bacteriocin to the cell surface

and is a result of the synthesis of a specific immune substance. Tagg et al. (1976)

Table 6
Effects of coculturing R. albus with a proteolytic organism (B. fibrisolvens H17c) upon the inhibitory activity of
culture filtrates against R. flavefaciens B1a, B34b and C1aa

Culture or coculture filtrate

R. flavefaciens

strain

R. albus

strain

B. fibrisolvens

H17c � R. albus (strain)

Bacterial concentration

(no � 107/ml)

B1a ± ± 76.4 � 16.9b

B1a � (7) ± <0.001c

B1a ± � (7) 36.4 � 6.2b

B34b ± ± 116 � 65.9b

B34b � (MO2a) ± <0.001c

B34b ± � (MO2a) 76.4 � 16.9b

C1a ± ± 36.4 � 6.2b

C1a � (MO3g) ± <0.001c

C1a ± � (MO3g) 21.0 � 10.8b

aMean values � SE of three replicates.
b,cFor each R. flavefaciens strain, means without a common superscript differ (p < 0.01).
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suggested that this specific immune substance would form a firm complex with the

bacteriocin resulting in inactivation of the bacteriocin. Since the inhibitor producing

strains of R. albus in this study were not auto-inhibitory, nor cross inhibitory, it might be

presumed that either they lacked appropriate cell receptors or produced an immune

substance which complexed with the bacteriocin-like compounds and masked or

inactivated them.

Since R. flavefaciens B34b was inhibited only by R. albus MO2a and MO3g, and not

by strain 7, the bacteriocin-like substances produced by R. albus MO2a and MO3g might

differ from that of R. albus 7. Another possible explanation is that R. flavefaciens B34b

does not possess a functional cell receptor to the R. albus 7 inhibitory substance (Plate

and Luria, 1972).

Although bacteriocin-like substances would be expected to be produced in vivo, this

study suggests the possibility that they subsequently could be destroyed by the action of

proteolytic organisms in the rumen. However, the fact that the proteolytic species tested

in this study, Butyrivibrio fibrisolvens, also produces bacteriocin-like inhibitory activity

would further complicate the overall picture (Kalmokoff et al., 1996). Although these

bacteriocin-like substances might be expected to have a limited effect on the total rumen

fermentation, it is possible that they could play a role within the environmental niche

which occurs at the surface of plant particles.
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