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Antagonism between an association of Bacteroides thetaiotaomicron and Fusobacterium necrogenes strains
and two strains of Clostridium perfringens was evidenced both in vivo in gnotobiotic mice and ex vivo in fecal
suspensions incubated for 22 h at 37°C. Several features of this antagonism were similar in and ex vivo. (i) An
obligate and continuous synergy between B. thetaiotaomicron and F. necrogenes was required; (ii) the two C.
perfringens strains did not respond to the same extent to this antagonism; and (iii) expression of the antagonism
was host and diet dependent. Neither diffusible nor soluble inhibitory substances were detectable in feces of
gnotobiotic mice, nor could depletion of nutrients be identified as causing antagonism in both in and ex vivo
experiments. Our findings support the hypothesis that a reversible bacteriostasis induced by the inhibitory
strains acting together continuously, and hindering the target strain from utilizing available nutrients, was
responsible for this antagonism.

The mechanisms by which an undisturbed intestinal flora
protects against potentially pathogenic bacterial strains or
hinders exogenous bacterial strains from being established
are far from being known. In vitro studies often lead to
conflicting results (11), and it is unlikely that they could
reflect the in vivo ecological situation. However, the contin-
uous-flow culture system (10) gives in vitro results which are
consistent with those obtained in gnotobiotic mice when
Escherichia coli is the target organism. Wilson and Freter
(18) demonstrated that such an in vitro experimental model
was also efficient for studying interactions of Clostridium
difficile with intestinal floras when a soluble extract of fecal
pellets from axenic mice was used as a culture medium. This
result stresses the fact that fecal endogenous components,
including nondigestible dietary substances and secretions
and excretions of the host, could play a role in the mecha-
nisms of bacterial antagonism. The limitation of the in vitro
models developed by Freter and co-workers was that a
collection of >100 bacterial strains was needed for simulat-
ing the in vivo models. Such complex floras, although
synthetic, do not allow an analytical approach to the actual
mechanisms of bacterial antagonism. Recently, we de-
scribed (19) a bacterial antagonism in which a target strain of
C. perfringens was washed out from the intestine of gnoto-
biotic mice by only three anaerobic strains. In addition, we
demonstrated that fecal suspensions prepared from mice
associated with these three inhibitory strains and incubated
in vitro exerted a strong bacteriostatic effect against the
target strain. The aims of the present work were to investi-
gate further the mechanism by which a target strain can be
eliminated from the intestine with synthetic floras as simply
as possible and to demonstrate that an ex vivo experimental
model, i.e., a static incubation of fecal suspensions, may
reproduce the characteristics of the in vivo antagonism.

* Corresponding author.

MATERIALS AND METHODS

Animals and diets. Adult axenic C3H/HeJ mice and
Fischer 344 rats were reared in Trexler-type isolators fitted
with a rapid transfer system (La Calhene, Velizy-Villacou-
blay, France). They were fed ad libitum a commercial diet
for rodents (Usine d'alimentation rationnelle, Epinay-sur-
Orge, France) sterilized by gamma irradiation (40 kGy). In
one experiment, mice were fed a milk replacer containing the
following (in grams per kilogram): refatted milk powder, 500;
skim milk powder, 200; barley, 190; fish proteins, 70; cal-
cium carbonate, 15; calcium phosphate, 5; and vitamin
mixture, 20; sterilized by gamma irradiation.

Bacterial strains. Bacteroides thetaiotaomicron BT, B.
vulgatus BV, and Fusobacterium necrogenes FN were iso-
lated by Corpet and Nicolas (1) from the feces of a 48-h-old
healthy piglet. We isolated F. varium Fu from a conventional
rat. Strain CpA was a variant of a C. perfringens strain
belonging to serotype A which was unable to form thermore-
sistant spores in the intestine of monoassociated mice and
was devoid of lecithinase. C. perfringens strain CpC, belong-
ing to serotype C and kindly supplied by M. Sebald (Pasteur
Institute, Paris, France) was highly pathogenic for axenic
mice (13). Spores of a thermophilic Bacillus subtilis strain
were used as transit marker, as described previously (3).

Association of axenic rodents with bacterial strains. All
strains were grown in soft medium B' (17) containing 1.5%
Bacto-Peptone (Difco Laboratories, Detroit, Mich.), 1%
autolyzed yeast (Difco), 1% tryptone (Difco), 0.1% Tween
80, and 0.18% agar, pH 6.5, and placed in a boiling-water
bath for 30 min before use. A 6-ml portion of an 18-h (strains
CpA, FN, and FV) or 48-h (strains BT and BV) culture was
given as drinking water to axenic rats or mice after an 18-h
water deprivation. For CpC, because of its toxigenicity, an
18-h culture in liquid medium B' incubated in an anaerobic
chamber was centrifuged and the pellet was diluted in B'
medium to obtain 106 viable cells per ml before challenge.
Diassociated rodents were always inoculated with a mixed
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TABLE 1. Comparative efficiency of a one-strain and a
two-strain association in reducing the C. perfringens

CpA population level in gnotobiotic mice

Counts (mean loglo ± SD)/g in:
Groupa Strain Small b

ineeb Cecum Fecesc
intestineb

I BT 7.3 ± 0.5 10.9 ± 0.2 10.8 ± 0.2
FN 5.2 ± 1.3 9.9 ± 0.2 9.9 ± 0.2
CpA <2.0 <2.0 <2.0

II BT 6.9 ± 0.7 10.8 ± 0.2 10.9 ± 0.2
CpA 5.8 ± 0.7 8.8 ± 0.1 9.0 ± 0.1

III FN 5.2 ± 1.6 9.8 ± 0.1 9.8 ± 0.2
CpA 5.1 ± 1.4 9.0 ± 0.2 9.1 ± 0.2

IV CpA 6.5 ± 0.6 9.5 ± 0.2 9.7 ± 0.2
a Axenic mice (six in each group) were first associated with B. thetaio-

taomicron BT and F. necrogenes FN (group 1), BT (group II), or FN (group
III) and then challenged with strain CpA 7 days later. CpA was inoculated
alone in group IV.

b Mice were sacrificed 25 days after CpA challenge. Small intestine and
cecum were removed individually.

C Feces were collected individually on days 7, 14, and 21 after CpA
challenge. Values are the mean log1o ± SD of the six samples taken on all 3
days.

culture of the two strains prepared extemporaneously. Ro-
dents were challenged with CpA and CpC as indicated in the
text. Bacillus subtilis spores were prepared by plating a
spore suspension on agar medium MS containing 0.8% meat
extract (Merck AG, Darmstadt, Federal Republic of Ger-
many), 0.2% yeast extract (Difco), 0.1% glucose, 40 mg of
manganese sulfate per liter and 1% Bacto-Agar (Difco), pH
6.3. A suspension containing 108 spores per ml was extem-
poraneously admixed with the CpA inoculum before chal-
lenge. Feces were individually collected from the anuses of
animals and submitted for bacterial counts within 1 h.
Sampling frequency is reported in the text. At the end of
experiments, animals were killed by ether inhalation, and
small intestines and ceca were removed and submitted for
bacterial counts within 1 h.

Bacterial counts. Feces were diluted 100-fold in diluting
medium LCY (16) and homogenized by hand. Intestinal
samples were diluted 10-fold in LCY and homogenized with
an Ultraturrax (OSI, Paris, France). A 1-ml amount of
adequate serial 10-fold dilutions mixed with 14 ml of solid B'
medium was poured into a tube (8 by 400 mm) and immedi-

ately cooled in running tap water to ensure prompt solidifi-
cation (16).

Incubation was done at 37°C. Clostridium colonies and
Bacteroides and Fusobacterium colonies were counted 1 and
7 days later, respectively. Bacteroides strains formed small,
lenticular, opaque colonies (<1 mm in diameter); Fusobac-
terium strains formed large, transparent, lenticular colonies
(>3 mm in diameter). They were easily recognizable. Spores
of the transit marker were counted by plating on MS
medium.

Fecal filtrates and suspensions. Various types of fecal
suspensions were used. They were prepared from pooled,
freshly passed feces diluted in sterile deionized water or
APT medium, which is B' medium without Tween 80.
Centrifugation was done at 12,000 x g for 15 min. In some
experiments supernatants were filter sterilized. A 1-ml por-
tion of fecal suspension was poured into a screw-cap tube (18
by 120 mm); tubes were inoculated with the target strain and
placed in an anaerobic glove box (La Calhene). Incubation
was for 22 h at 37°C, and CpA and CpC inocula were 0.1 ml
of a l0' dilution of an 18-h culture, unless otherwise stated.
Division numbers (N) of CpA and CpC were calculated from
the formula n = no x 2N, where n is the number of target
strain colonies at the end of incubation and no is the initial
number. no was always between 103 and 8 x 103 per ml. Six
replicate determinations were made for all assays, and data
are expressed as the mean ± standard deviation (SD) of the
division numbers.

Continuous-flow cultures were made in enriched veal
infusion broth as described by Freter et al. (10). The flow
rate was 1/6 h1.

Detection of inhibitory diffusible substances by an in vitro
test. About 3 ml of melted medium B' inoculated with 104
cells of CpA and CpC per ml was poured into a Veillon tube
(8 by 180 mm) and promptly solidified. A twofold dilution of
freshly passed feces from gnotobiotic mice diassociated with
strains BT and FN was prepared in melted solid medium B',
and 2 ml of this fecal suspension was poured into the Veillon
tube. After solidification, the tube was filled with melted
solid medium B', kept at 4°C for 24 h, and then incubated for
18 h at 37°C.

Statistical analysis. Analysis of variance (Fisher F test)
was used to compare mean values of a given bacterial
population level or division number converted into log1o
before statistical analysis for each in or ex vivo experiment.
Statistical evaluation of the significance of differences was

performed with Student's t test.

TABLE 2. Comparative efficiency of the association of B. thetaiotaomicron BT and F. necrogenes FN in reducing the C. perfringens
CpA and CpC population sizes in feces of gnotobiotic mice

Fecal counts (mean loglo ± SD)/g on given daysb
Groupa Strain

1 2 3 7 14 21

V BT 10.9 + 0.1 10.8 ± 0.1 10.8 ± 0.1 11.0 ± 0.2 11.1 ± 0.3 11.0 + 0.2
FN 9.9 ± 0.1 9.8 ± 0.1 9.9 ± 0.2 10.0 ± 0.2 10.2 ± 0.3 10.1 ± 0.2
CpA 6.5 ± 0.5 4.3 ± 0.2 3.4 ± 1.2 <2.0 <2.0 <2.0
TMC 7.9 ± 0.4 6.5 ± 0.4 5.1 + 0.3 4.8 ± 0.4 3.4 ± 0.6 3.0 ± 0.5

VI BT 11.1 ± 0.2 10.9 ± 0.1 11.1 ± 0.2 10.2 ± 0.2 10.8 ± 0.3 10.9 ± 0.4
FN 9.9 + 0.3 9.8 ± 0.1 9.9 ± 0.2 9.4 ± 0.2 10.1 + 0.2 9.8 ± 0.2
CPC 4.2 ± 0.6 3.5 ± 0.8 3.7 ± 1.0 4.2 ± 1.0 6.1 ± 1.0 6.6 ± 1.2

a Axenic mice (six in each group) were first associated with strains BT and FN and then challenged 7 days later with 108 CpA and 108 Bacillus subtilis spores
(group V) or CpC (group VI).

b Days after CpA or CpC challenge.
c TM, Transit marker.
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FIG. 1. Effect of colistine sulfate (R. Bellon Laboratories, Paris, France) on antagonism exerted by strain BT (0) associated with strain
FN (0) against target strain CpA (U) in feces of six gnotobiotic mice. (Each point represents the mean log1o ± SD of bacterial counts.) Arrows
indicate CpA and FN reinoculation. Horizontal bar shows the length of oral antibiotic administration (A) or, in fecal suspension FS1 (Table
6), the length of admixture of colistine sulfate (1 mg/ml) (B).

RESULTS
Synergistic antagonism of the two-strain (B. thetaiotaomi-

cron and F. necrogenes) association against C. perfringens
CpA. Table 1 clearly shows that a synergy between B.
thetaiotaomicron BT and F. necrogenes FN was required
for eliminating strain CpA from the intestines of gnotobiotic
mice. In mice associated with each strain alone, the fecal and
cecal population levels of CpA were only slightly, but
significantly (9.1 ± 0.2 versus 9.7 ± 0.2; P < 0.001), reduced
compared with those observed in mice monoassociated with
CpA, whereas CpA was no longer detected when mice
harbored the two-strain association. In the small intestine,
population levels of the inhibitory and target strains were
>100-fold lower than in the ceca and feces.
Ten other groups of six mice each diassociated with

strains BT and FN were challenged with CpA, which was
always eliminated within 7 days. A group of 18 mice harbor-
ing BT and FN was kept in the same isolator for 12 months
and then challenged with CpA, the elimination of which also
occurred within 7 days (data not shown). There was no

difference between male and female mice with respect to
CpA elimination.
Comparison of the rate of fecal elimination ofCpA and the

transit marker shows (Table 2) that CpA inoculum (108 cells)
was eliminated slightly faster than transit marker inoculum
(108 cells) since the changes in mean log1o counts between
days 2 and 1 after inoculation were 2.2 and 1.4 for CpA and
transit marker, respectively.

In the former experiments, CpA was inoculated after
strains BT and FN. When CpA was inoculated first, it was
also eliminated. The only difference was that its elimination
was achieved within 14 instead of 7 days.

Figure 1A shows that synergy between strains BT and FN
was an absolute requisite throughout the experiment, since
strain CpA became established in mice given colistine sulfate
as soon as the number of FN was <108 per g. CpA was in
turn eliminated when antibiotic administration was stopped
and FN became reestablished.

Effect of two-strain (B. thetaiotaomicron BT and F. necro-
genes FN) association on C. perfringens CpC. The target strain
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TABLE 3. Effect of two other two-strain associations, host, and diet on C. perfringens CpA population levels
in gnotobiotic mice and rats

Group Fecal counts (mean loglo + SD)/g on given daysb
(host, diet) Strain1237141

VII (mice, commercial diet) BT 11.2 ± 0.1 10.9 ± 0.2 10.9 ± 0.2 10.8 ± 0.2 10.6 ± 0.2 11.2 ± 0.2
FV 10.4 ± 0.1 10.1 ± 0.1 10.2 ± 0.1 10.0 ± 0.2 9.9 ± 0.2 10.5 ± 0.2
CpA 5.4 ± 2.0 5.2 ± 1.3 5.3 ± 1.5 7.4 ± 0.5 7.4 ± 0.8 8.0 ± 0.8

VIII (mice, commercial diet) BV 10.5 ± 0.2 10.4 ± 0.3 10.2 ± 0.3 10.5 ± 0.3 10.2 ± 0.1 10.2 ± 0.2
FN 9.9 ± 0.1 9.9 ± 0.2 9.7 ± 0.3 9.8 ± 0.2 9.7 ± 0.2 9.7 ± 0.2
CpA 6.1 ± 1.3 7.2 ± 0.2 7.1 ± 0.2 7.3 ± 0.2 7.5 ± 0.2 7.5 ± 0.1

IX (mice, milk diet) BT 10.6 ± 0.3 10.7 ± 0.5 10.3 ± 0.5 10.6 ± 0.3 10.6 ± 0.3 10.4 ± 0.6
FN 9.6 ± 0.2 9.5 ± 0.5 9.5 + 0.3 9.9 ± 0.3 9.8 ± 0.2 9.2 ± 0.8
CpA 8.1 ± 1.1 7.1 ± 0.4 5.8 + 0.3 7.6 ± 0.3 8.2 ± 0.2 7.7 ± 0.3

X (rats, commercial diet) BT 10.5 ± 0.1 10.8 ± 0.3 10.7 ± 0.1 10.6 ± 0.1 10.5 ± 0.1 10.5 ± 0.3
FN 9.3 ± 0.2 9.7 ± 0.2 9.6 ± 0.1 9.7 ± 0.1 9.4 ± 0.3 9.6 ± 0.3
CpA 6.6 ± 0.1 5.0 ± 0.7 5.0 ± 0.4 6.5 ± 0.4 6.6 ± 0.2 6.9 ± 0.3

aAxenic mice (six in each group) were inoculated with B. thetaiotaomicron BT and F. varium FV (group VII), B. vulgatus BV and F. necrogenes FN (group
VIII), or BT and FN (group X) and then challenged 7 days later with CpA. Axenic rats (group X, six rats) were inoculated like mouse group IX. Counts of CpA
in monoassociated rats were 8.6 ± 0.1 (mean ± SD) per g of feces 14 days after challenge.

b Days after CpA challenge.

CpC did not behave like CpA, since the fecal CpC popula-
tion level was reduced, not eliminated, by the two-strain
association even though the population levels ofboth BT and
FN were not significantly different in groups V and VI (Table
2). On day 21, one mouse harbored 5 x 108 CpC per g of
feces and died 2 days later, whereas the remaining five mice
harbored 106 to 107 CpC per g. They were sacrificed healthy
on day 25, and no sign of enteritis was observed. Cecal CpC
counts also ranged between 106 and 107 per g.

Specificity of B. thetaiotaomicron BT and F. necrogenes FN
in ensuring prompt C. perfringens CpA elimination. When B.
thetaiotaomicron was associated with F. varium or F. necro-
genes was associated with B. vulgatus, both two-strain
associations were significantly less efficient than the associ-
ation of B. thetaiotaomicron and F. necrogenes, since CpA
remained at a rather high level after its challenge in groups
VII and VIII: 8.0 ± 0.8 and 7.5 ± 0.1 (Table 3) versus <2.0
(Table 1). The fecal population levels of strains BT and FN
in both two-strain associations were not significantly dif-
ferent compared with those of strains BT and FN in group V
(Tables 2 and 3). Mice were sacrificed on day 25, and counts
in small intestines and ceca similar to those shown in Table
1 were obtained.

Effects of host and diet on antagonism. The synergistic
antagonism exerted by the two-strain association (B. theta-
iotaomicron BT and F. necrogenes FN) against C. perfrin-

TABLE 4. Comparative population levels of B. thetaiotaomicron
BT, F. necrogenes FN, and C. perfringens CpA and CpC

in a continuous-flow system

Strain Counts' of:
association BT FN CpA CpC

BT + FN + CpA 9.3 0.1 8.6 0.3 7.9 ± 0.2
BT + FN + CpC 9.3 0.2 8.4 0.1 8.7 0.2
CpA 8.2 ± 0.2
CpC 8.7 ± 0.2

a Mean log1o ± SD of five samples taken on days 2, 3, 4, 7, and 10 after CpA
or CpC challenge. Strains BT and FN were inoculated 10 days before
challenge.

gens CpA was significantly different in gnotobiotic rats and
mice receiving the same diet. CpA was not washed out in
diassociated rats as it was within 7 days in diassociated mice,
although CpA population levels were significantly lower in
rats than in mice when they were monoassociated with CpA
(8.6 ± 0.1 versus 9.7 ± 0.2; P < 0.001). However, CpA
population levels remained lower in the feces of rats diasso-
ciated with BT and FN than in those of rats monoassociated
with CpA (6.6 ± 0.2 versus 8.6 ± 0.1, on day 14; P < 0.001).
Populations of both strains BT and FN were only slightly
higher in mice than in rats (Tables 2 and 3).

In addition, a milk diet was found to block the antagonistic
effect of the two-strain association against CpA in mice
(Table 3). Again, BT and FN population levels were only
slightly lower in mice fed a milk diet than in mice fed a
commercial diet.

Continuous-flow culture experiments. The two-strain asso-
ciation failed to hinder the growth of both target strains CpA
and CpC in a continuous-flow culture system (Table 4).
Attempts to detect nutrient depletion or diffusible inhibitory

substances in feces of gnotobiotic mice harboring B. thetaio-
taomicron and F. necrogenes. We failed to detect any diffus-
ible substances able to inhibit CpA and CpC growth in an
agar medium from feces of diassociated mice. Furthermore,

TABLE 5. Attempts to detect inhibitory substances or depletion
of growth factors for C. perfringens CpA and CpC in filtrates

prepared from feces of mice diassociated with
B. thetaiotaomicron and F. necrogenes

Division no. in:

Target Filtratesa from: Enriched filtrates' from:
strain APT

medium Axenic Diassociated Axenic Diassociated
mice mice mice mice

CpA 17.7 ± 0.5 11.1 ± 0.7 17.4 ± 0.9 17.1 ± 0.8 17.7 ± 0.8
CpC 17.6 ± 0.4 11.0 ± 0.9 18.2 ± 1.7 17.3 ± 0.4 17.3 ± 0.4

aPrepared from feces diluted fourfold in sterile deionized water inside an
anaerobic chamber.

b Prepared from feces diluted fourfold in APT medium. P < 0.001 between
data for filtrates prepared from axenic mice and all other data.
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TABLE 6. Influence of amount of soluble fecal substances in
various suspensions prepared from mice diassociated with
B. thetaiotaomicron BT and F. necrogenes FN on division

numbers of C. perfringens CpA and CpC

Divisionno. of: Initial counts
Fecal Division no. of: (log10 means ± SD) of:

suspensiona
CpA CpC BT FN

FS1 0.9 ± 0.7 4.9 ± 0.9 10.2 ± 0.1 9.1 ± 0.1
FS2 1.7 ± 1.6 0.3 ± 1.3 10.2 ± 0.1 9.3 ± 0.1
FS3 3.0 ± 0.7 11.0 ± 2.0 10.4 ± 0.1 9.3 ± 0.2

a FS1 was prepared by diluting feces of diassociated mice 10-fold in APT
medium, centrifuging, and diluting pellets fourfold in the supernatant. FS2
was prepared by diluting feces of diassociated mice fourfold in APT medium,
and FS3 was prepared by diluting the feces 10-fold in sterile deionized water,
discarding the supernatant, centrifuging, and diluting pellets fourfold in APT
medium. P < 0.001 between data from both CpA and CpC in FS1 and FS3,
between data from both FS1 and FS3 for CpA and CpC, and between data
from FS1 and FS2 for CpC only.

CpA and CpC division numbers were not significantly dif-
ferent in APT medium and in filtrates prepared from feces of
diassociated mice (Table 5). By contrast, filtrates prepared
from feces of axenic mice allowed significantly lower divi-
sion numbers of CpA and CpC than did the former filtrates.
These differences disappeared when filtrates from feces of
axenic mice were prepared from suspensions in APT me-
dium (Table 5).

Bacteriostatic effect of suspensions prepared from feces of
mice diassociated with B. thetaiotaomicron BT and F. necro-
genes FN against C. perfringens CpA and CpC. FS1 suspen-
sions were prepared as described in Table 6 (footnote a) and
inoculated with CpA and CpC. The CpA division numbers
were 0.9 ± 0.7, whereas they were 16.7 ± 0.4 in FS1 heated
at 70°C for 10 min in sealed ampoules. The CpC division
numbers were significantly (P < 0.001) higher than those
obtained for CpA in fresh FS1 (4.9 ± 0.9 versus 0.9 ± 0.7)
but not significantly different in heated FS1 (16.1 ± 0.1
versus 16.7 ± 0.4) (data not shown). Such an ex vivo model
was thus in agreement with the results observed in vivo.

Attempts to maximize this in vitro antagonism by testing
various combinations of soluble fecal substances (supema-
tant) and fecal solids revealed that some soluble fecal
substances were needed (Table 6, lines 1 and 3). However,
an excess led to artifacts, since CpC division numbers were
significantly reduced in FS2 (Table 6, lines 1 and 2). Suspen-
sion FS1 gave the best response and was the preparation
used subsequently.

Incidence of various parameters on bacteriostatic effect of
FS1 fecal suspensions against C. perfringens CpA and CpC. A
significant inverse correlation was observed between B.
thetaiotaomicron BT and F. necrogenes FN initial counts
and CpA and CpC division numbers in serially diluted FS1
suspensions, whereas such a correlation was not observed
with BT and FN final counts, i.e., after a 22-h incubation at
37°C (Table 7). CpA and CpC division numbers were also
inversely correlated with BT and FN initial counts in soni-
cated suspension FS1, and the CpA division numbers were
significantly lower (P < 0.001) than those of CpC in all
suspensions tested, except in the sonicated one (Table 7).
The bacteriostatic effect of the FS1 suspensions did not

significantly differ either when CpA and CpC inocula differed
by a factor of 100 or when glucose was added to FS1.
Doubling the incubation time from 22 to 44 h did not
significantly change the CpA division numbers (Table 8),
which were 0.5 + 0.2 after a 72-h incubation (data not
shown).

Division numbers of both CpA and CpC were also signif-
icantly lower in FS1 suspensions prepared from mice dias-
sociated with B. thetaiotaomicron BT and F. necrogenes FN
than in those prepared from either mice monoassociated
with BT or FN or mice diassociated with BT and F. varium
FV or B. vulgatus BV and FN, or rats diassociated with BT
and FN, or mice diassociated with BT and FN and receiving
the milk diet (Table 9).
When colistine sulfate was added to the FS1 suspensions,

the FN counts dropped to an undetectable level, whereas the
BT counts were not affected and the CpA division numbers
increased (Fig. 1B).

Division numbers of CpA and CpC in filtrates prepared
from FS1 suspensions incubated for 24 h at 37°C (8.7 + 0.5
and 14.0 ± 0.5, respectively) were significantly (P < 0.001)
lower than those obtained in filtrates obtained from nonin-
cubated suspensions (17.7 ± 0.8 and 17.3 ± 0.4, respec-
tively; Table 5).

DISCUSSION

Our experimental model, involving an antagonism be-
tween strains belonging to the predominant intestinal genera
such as Bacteroides and Fusobacterium and potentially
enteropathogenic strains such as C. perfringens, seems to be
the simplest described to date. Several interesting features
have been demonstrated. The antagonism was easily repro-
ducible in vivo and very stable, provided that mice were fed

TABLE 7. Influence of B. thetaiotaomicron BT and F. necrogenes FN initial counts in fecal suspensions prepared from diassociated
mice on C. perfringens CpA and CpC division numbers

Counts (mean log ± SD)/mla
Division no. of:

Initial Final

BT FN BT FN CpA CpC

10.4 ± 0.1 9.3 ± 0.2 10.0 ± 0.1 8.5 ± 0.2 0.9 ± 0.7 4.9 ± 0.9
9.9 ± 0.1 8.5 ± 0.1 9.6 ± 0.1 8.4 ± 0.1 2.0 ± 0.5 13.7 ± 0.4
9.7 ± 0.1 8.2 ± 0.1 9.7 ± 0.1 8.3 ± 0.2 5.0 ± 0.6 13.2 ± 0.3
9.4 ± 0.1 8.0 ± 0.2 9.5 ± 0.1 8.2 ± 0.2 8.5 ± 0.3 NDb
8.9 ± 0.1 7.3 ± 0.1 9.5 ± 0.1 8.1 ± 0.1 9.2 ± 0.3 16.0 ± 0.6
6.7 ± 0.1 5.4 ± 0.2 9.3 ± 0.2 8.1 ± 0.2 14.0 ± 0.2 ND
7.6 ± 0.1 5.5 ± 0.1 9.4 ± 0.1 8.4 ± 0.2 13.2 ± 0.4 14.5 ± 1.1

a Counts were made from FS1 (line 1) and fecal suspensions prepared as follows: supernatants from feces of diassociated mice diluted 10-fold in APT medium
were used for diluting pellets 10-fold (line 2), 20-fold (line 3), 40-fold (line 4), 100-fold (line 5), and 10,000-fold (line 6). In line 7, data were from sonicated FS1
suspensions. Correlation coefficients (r) between CpA division numbers and BT and FN initial counts were -0.93 and -0.95 (P < 0.001), respectively. For CpC,
these values were -0.84 and -0.88 (P < 0.01), respectively.

b ND, Not done.
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TABLE 8. Influence of various parameters on C. perfringens
CpA and CpC division numbers in FS1 fecal suspensions
prepared from mice diassociated with B. thetaiotaomicron

BT and F. necrogenes FN

Divisionno. of: Initial counts
Experimental Division no. of: (loglo means ± SD) of:
conditions

CpA CpC BT FN

High inoculaa 0.5 ± 0.4 3.8 ± 0.7 10.4 ± 0.1 9.3 ± 0.8
Long incubation' 0.6 ± 0.3 NDC 10.0 ± 0.1 9.1 ± 0.2
Presence of 0.6 ± 0.7 ND 10.4 ± 0.1 9.3 ± 0.2

glucosed
a CpA and CpC inocula were 5.5 ± 0.1 and 5.6 ± 0.1, respectively, instead

of 3.4 + 0.1 and 3.3 ± 0.1. P < 0.001 between data from CpA and CpC.
b Incubation was for 44 instead of 22 h.
c ND, Not done.
d 0.1% glucose was added in FS1.

an adequate diet. As in the model described by Wilson and
Freter (18), the target strain was suppressed even though it
was inoculated first, whereas the order of inoculation has
played an important role in several other reported interac-
tions (5-7, 9, 14). The antagonistic effect of B. thetaiotaomi-
cron and F. necrogenes acting synergistically against strain
CpA was as efficient as that of a previously described (19)
three-strain association and simulated that of whole piglet
flora established in gnotobiotic mice (1, 15). Presumably,
other bacterial strains could replace these two strains in
eliminating strain CpA. However, our results show that not
all strains belonging to the same genera were able to replace
our inhibitory strains; we did not try to replace our two
strains by other strains belonging to the same species. In
contrast to the CpA strain, the CpC strain was more resistant
to the antagonistic effect of the two-strain association since
its growth was only repressed in gnotobiotic mice. It is
noteworthy that these two strains afforded a protection to
the host against the highly enteropathogenic CpC strain even
though the population size of CpC was only partially re-
duced. That a synergy between inhibitory strains is required
to antagonize a target strain in experimental models has
already been described (5, 9, 12, 14), but the involvement of
only two strains in such a synergy is an obvious improve-
ment in the effort to achieve a simple model system. Assum-
ing that it is also the case with complex floras, such as those
described by Freter et al. (10) or Wilson and Freter (18), one
can imagine how difficult it would be to simplify them.
Indeed, if 2 of 50 strains are involved in a synergistic
antagonism, the number of combinations which have to be
tested in gnotobiotic mice is as much as 1,225, or 19,600 if 3
of 50 strains are involved. This emphasizes the utility of the

bacterial antagonism described here. Another interesting
feature of our model is that the target strain could be either
eliminated or maintained at a low but rather constant popu-
lation level in,the same gnotobiotic animals, depending on

the host (rat or mouse) and diet.
Our data clearly show that ex vivo experiments that use

static incubations of fecal suspensions simulate our in vivo
experiments. Thus, in and ex vivo antagonisms may be
mediated by similar mechanisms. That a continuous-flow
culture system failed to reproduce the bacterial antagonism
we found may be due to both low population levels of strains
BT and FN and the absence in our continuous-flow culture
of fecal extracts. Taking into consideration that our ex vivo
model appeared to be suitable for approaching the mecha-
nism of the interaction we observed, we did not study the
continuous-flow system further. Like Wilson and Freter, we
demonstrated that soluble fecal extracts were needed to
obtain the greatest antagonistic effect against both CpA and
CpC. However, we also demonstrated that an excess of
soluble fecal components or a 22-h incubation of FS1 sus-
pensions led to production of some soluble growth inhibitors
which can be considered as artifacts in our ex vivo model.
Such discrepancies between ex and in vivo experiments are
not surprising since bacterial metabolites such as volatile
fatty acids produced in the large intestine can be readily
absorbed by the intestinal wall or excreted or both, whereas
the same metabolites accumulate in a closed in vitro or ex
vivo static system and can thus suppress or limit the growth
of the target strain. These results point out the difficulty in
using in vivo models for studying bacterial antagonisms.
Concerning the mechanism of this bacterial antagonism,

some assumptions may be drawn from our results, while
some others should be rejected. Since the results of our ex
vivo experiments simulate those of in vivo experiments, the
hypothesis that competition for adhesion sites on the intes-
tinal wall is a prerequisite for the antagonistic effect of the
two inhibitory strains against CpA is unlikely. A hypothesis
of depletion of essential intestinal nutrients or of production
of soluble inhibitors accumulating in the feces is also un-
likely. Soluble fecal inhibitors such as a bacitracin-like
antibiotic or a copper-dipeptide complex have been success-
fully detected in other in vivo experimental models (2, 4) but
were not found in our model. Bile salts are known to be
deconjugated by Bacteroides sp. and to firmly adhere to
insoluble fecal material. However, their inhibitory role could
be ruled out in our experiments since heated FS1 suspen-
sions, which should contain such substances, were not
bacteriostatic for CpA.

Freter et al. (8) emphasized that some inhibitory metabo-
lites such as H2S can hinder target strains from utilizing

TABLE 9. Comparative efficiency of various fecal suspensions in reducing C. perfringens CpA and CpC division numbers

Division no.a of:
Source of feces Diet Strain(s) harboredb

CpA CpC

Mice Commercial BT (10.4 + 0.1) + FN (9.3 + 0.2) 0.9 ± 0.7 4.9 + 0.9
Mice Commercial BT (10.4 + 0.1) 10.2 ± 0.3 12.7 ± 0.8
Mice Commercial FN (9.4 ± 0.1) 7.9 ± 0.3 14.5 ± 0.4
Mice Commercial BT (10.4 ± 0.2) + FV (9.6 ± 0.1) 6.7 ± 0.9 NDc
Mice Commercial BV (9.9 ± 0.1) + FN (9.1 ± 0.1) 4.7 ± 0.4 ND
Mice Milk diet BT (10.3 + 0.1) + FN (9.1 ± 0.1) 5.0 ± 0.6 ND
Rats Commercial BT (10.4 ± 0.2) + FN (9.4 ± 0.1) 4.8 ± 0.8 13.4 ± 0.8

a P < 0.001 between data from line 1 and those from each of lines 2 to 7 for both CpA and CpC and between data from CpA and CpC in each line.
b Numbers in parentheses are the initial counts. The various fecal suspensions were prepared as described for FS1 (Table 6, footnote a).
c ND, Not done.
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limiting nutrients present in their culture medium, which
would otherwise support their growth. Substrates such as
glucose were able to prevent such a metabolic inhibition.
Our in and ex vivo data are quite different from those of
Freter et al. (8, 10) because of the following. (i) We suc-
ceeded in simplifying a complex flora without any loss of
antagonistic effect. (ii) The antagonism described was inde-
pendent of the order of inoculation, but depended on the
host and diet. (iii) H2S or other volatile compounds cannot
be involved in this antagonism, since incubations of fecal
suspensions were performed in screw-cap tubes with a large
headspace into which volatile compounds could easily es-
cape. (iv) CpA growth did not resume when excess glucose
was added to the fecal suspensions. (v) Continuous-flow
culture did not reproduce the in vivo results. The actual
mechanism by which our two-strain association antagonizes
strain CpA is therefore not the same as that described by
Freter et al. (8) for E. coli C25. However, Freter's assump-
tion that some inhibitors, different from H2S, could interfere
with the utilization of nutrients other than macronutrients
seems to be the most appropriate to explain the observation
that target strains CpA and CpC enter into bacteriostasis in
a medium in which available macronutrients are still present.
Such inhibitors are produced synergistically by B. thetaio-
taomicron BT and F. necrogenes FN in a steady state, as in
the intestine and in our ex vivo model, and do not accumu-
late. That CpA was eliminated from the intestine of gnoto-
biotic mice whatever the order of inoculation suggests that
CpA entered into bacteriostasis, i.e., failed to utilize avail-
able nutrients when the antagonistic strains reached their
maximum population level. This assumption is supported by
our ex vivo experiments in which an almost complete CpA
bacteriostasis only occurred in the suspension containing the
highest counts of the two inhibitory strains. A bactericidal
effect against a target strain is not a prerequisite for its
washout from the intestine because of the intestinal transit.
In our in vivo experiments, however, some death of CpA
cells occurred because the rate of CpA elimination was
faster than that of the transit marker. In our ex vivo
experiments, a full bacteriostasis was not achieved. The
reason might be that the counts of both BT and FN strains in
fecal suspension were significantly lower than in feces of
diassociated mice. This bacteriostasis, however, was revers-
ible, as in Freter's experiments, since CpA and CpC could
be easily counted in feces or suspensions by diluting them.
This suggests that inhibitors allowing CpA, and to a lesser
extent CpC, to enter into bacteriostasis might be washed out
from the target cells when they are no longer produced in the
surroundings of these cells. Additional hypotheses that
could be advanced to explain our results are as follows. (i)
Unknown endogenous components, issued from the host or
the diet or both, might modulate the synthesis or the
efficiency of the bacterial metabolic inhibitors. (ii) Inhibitory
bacterial cells have to produce them continuously to main-
tain a complete bacteriostasis of the target strains so that no
accumulation will be required for antagonizing the target
strains. Direct cell-to-cell contacts might also contribute to
the transfer of the inhibitors to the target strains. This
assumption is consistent with the fact that there was an
inverse correlation between the BT and FN initial counts
and the CpA and CpC division numbers in our ex vivo
experiments. Further experiments are now under way to
elucidate the actual mechanism of this bacterial antagonism.
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