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Interaction in the Germfree Mouse Intestine of Colicinogenic and
Colicin-Sensitive Microorganisms (33773)
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Colicin, an extracellular antibiotic protein
which is synthesized by some enteric bac-
teria, is lethal for colicin-sensitive enteric
bacteria in in vitro experiments. This obser-
vation has prompted some investigators
(1-4) to question whether colicin might
afford a selective advantage to colicinogenic
bacteria in the microbial interaction of the
intestinal flora. Friedman and Halbert (35)
have shown preferential intestinal establish-
ment of antibiotic producing Eschkerichia coli
when mixed cultures were inoculated orally
into suckling mice. The role of colicin in
maintaining the dominant flora has been in-
ferred by results obtained by Branche et al.
(2) and Young ef al. (4). In the present
study an attempt was made to further resolve
this problem by utilizing an in vive system.
To afford a controlled and self-limiting gas-
trointestinal flora, germfree mice were inocu-
lated, per os, with a dual colicinogenic coli-
cin-sensitive bacterial system and the respec-
tive bacterial populations were determined.
In addition, in vivo transfer of colicinogeny
to the sensitive parent E. coli was studied.

Materials and Methods. Bacterial strains.
Two strains, the first a colicinogenic slow
lactose fermenting (SLF) “atypical Citrobac-
ter sp.”, strain CA-62, sensitive to streptomy-
cin and producing colicin J, and the second a
derivative of E. coli K-12 (Row), resistant
to streptomycin and sensitive to colicin J,
were obtained from Dr. Philip E. Hartman,
Department of Biology, Johns Hopkins Uni-
versity, Baltimore, Md. 21213,

Media. Nutrient agar (Difco), 23 g, and
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nutrient broth (Difco), 8 g, were utilized
with 1 and 4 gm, respectively, of NaCl added
per liter. Soft agar was made with 0.7%
BBL (Baltimore Biological Laboratory) agar
and 0.19% NaCl added. Eosin methylene
blue agar (EMB) (Difco) was the differen-
tial plating medium. Streptomycin, at a con-
centration of 1000 pg/ml was added to all
agars when necessary.

Detection of colicinogenic (Col) factor. In
vitro transfer of the Col factor was detected
by the agar double-layer technique of Freder-
icq (1). Log phase broth cultures of colicino-
genic streptomycin-sensitive CA-62 and non-
colicinogenic streptomycin-resistant K-12 were
mixed, incubated and plated on nutrient agar
plates containing streptomycin. After 18-24-
hr incubation at 37°, these plates were over-
laid with the same colicin-sensitive K-12
incorporated in soft agar. An additional
18-24-hr period of incubation at 37° resulted
in zones of inhibition surrounding the coli-
cinogenic colonies. In the in vivo experiments,
appropriate dilutions of weighed fecal sam-
ples were plated onto nutrient agar and onto
EMB plates with and without streptomycin.
The remaining procedure was carried out as
for in vitro tests.

Germfree mice. White Swiss mice, NIH
strain, were obtained as germfree weanlings
from the Laboratory Aids Branch, NIH.
They were maintained in sterile steel Reyiers
tanks or in plastic isolators and fed a semi-
synthetic, steam-sterilized diet, L-356 (6).

Bacterial inoculation. Eighteen-hour nutri-
ent broth cultures of either CA-62 or E. coli
K-12 were centrifuged and the packed viable
cells resuspended to the original volume in
sterile physiological saline. The suspensions
were adjusted to a given concentration and
introduced into sterile glass ampuls, heat-
sealed and passed into the isolator via a
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peracetic acid vapor lock (7). All inocula-
tions were made per os by 1 or 2-ml syringes
fitted with 1-in. hypodermic needles which
were tipped with a small, smooth, metal,
pear-shaped bulb. One-tenth ml was given
per mouse. The germfree isolators generally
contained 30-60 animals of mixed sexes. At
8-14 weeks of age, one-half of the animals
were inoculated while the remaining half
served as uninoculated controls to follow the
course of cross contamination.

Results. In preliminary experiments, in vi-
tro transfer of the Col factor from strain
CA-62 to E. coli K-12 was demonstrated on
nutrient agar and EMB streptomycin plates.
The frequency of transfer varied from ap-
proximately 1-10% of the parental noncoli-
cinogenic population.

When germfree mice were inoculated with
these 2 strains, Col factor transfer was
demonstrable at low rates of 1-2% in cul-
tures of diluted fecal samples. The extent of
Col factor transfer was not affected by allow-
ing one or the other of the two strains to
become established first in the mouse intestine
followed 2 days later by the addition to the
drinking water of the second strain.

Since it appeared that Col factor transfer
between these two bacterial strains did occur
in vivo as well as in vitro, we next considered
the relative survival of these two species as
the sole microbial inhabitants of the gas-
trointestinal tract. The extent of each bac-
terial strain’s establishment in the intestine
was investigated independently using 2
groups of 35 germfree mice with each group
in separate isolators. Each group was inocu-
lated with 2 X 107 organisms. While inocula-
tion of the viable bacterial cells did result in
generalized malaise in the majority of the
animals, this adverse effect was short-lived
and all affected animals recovered within
18-20-hr post inoculation., Within 24 hr, bac-
terial counts in the feces of these monoconta-
minated animals reached levels of 3 to 5.3 X
108 bacteria/0.01 g of feces (upper 2 graphs of
Fig. 1). Daily samplings for the first 7 days
showed that these counts remained within the
limits of 2 to 8 X 108/0.01 g for either strain.

In the next experiment, 30 germfree mice
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were inoculated with 2 X 107 bacteria of one
strain and immediately thereafter were reino-
culated with equal numbers of the opposing
strain. Figure 1, bottom graph, shows that
although the 2 organisms were present in
approximately equal numbers throughout the
7-day sampling period, E. coli K-12 reached
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F1c. 1. Intestinal establishment of colicinogenic
CA-62 and colicin-sensitive E. coli K-12 Row in
germfree mice: vertical bars represent range of bac-
terial counts for each sampling point.
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Fic. 2. Population changes of colicinogenic CA-62
and colicin-sensitive E. coli K-12 Row in the intest-
inal tract of experimentally infected germfree mice:
(A) 2 X 10° CA-62, per os, followed by drinking
water inoculation of 1 X 10° K-12; (B) 2 X 107
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K-12, per os, followed by drinking water inoculation
of 1 X 10° CA-62; and (C) uninoculated but
cross-infected mice from (B).

its highest level of growth earlier than strain
CA-62.

Another group of 30 germfree mice was
inoculated with 2 X 107 colicinogenic CA-62
bacteria and 5 hr later, 2 ml of a broth culture
of colicin-sensitive K-12 bacteria (1 X
10/ml) was introduced into the drinking
water bottles (final concentration approx-
imately 2 % 10 ml) of each inoculated jar of
mice to determine if small numbers of colicin-
sensitive organisms consumed over a period
of time could become established as intestinal
flora in the presence of a colicin producer.
Fecal samples at day 4 and at additional
periodic intervals showed these 2 organisms
to be present in a range of 1 to 2 X 108/0.01 g
of feces. Also when the experiment was termi-
nated 5 weeks after inoculation, the colicino-
genic CA-62 organisms were present in a
range of 2 X 107 to 1.9 X 108/0.01 g of feces
and the K-12 bacteria were in a range of 2.2
to 4.7 X 108/0.01 g of feces.

This appreciable level of colicin-sensitive
K-12 bacterial counts in the presence of cells
synthesizing colicin was further examined by
performing population studies in separate
groups of 60 germfree mice with the initial
inoculum of 2 X 107 viable bacteria of either
strain in one-half of each group followed by
water bottle inoculation 2 days later with
approximately 10 bacteria of the second
strain. When the colicinogenic CA-62 was es-
tablished for 2 days prior to contact with the
sensitive K-12, the latter outnumbered the
colicinogenic organisms (Fig. 2A). When the
colicin-sensitive K-12 was the initial inocu-
lum (Fig. 2B), a slight suppression of these
bacteria was noted at the first week. Howev-
er, by the fourth week postinoculation, K-12
bacteria were again predominant in the intes-
tine. Furthermore, samplings from the 30
cross-infected uninoculated mice (Fig. 2C) in
the isolator, which also contained the ani-
mals initially inoculated with K-12 bacteria
(Fig. 2A), established and maintained larger
numbers of colicin-sensitive K-12 than the
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colicin producing strain, including the fourth
week postexposure.

Discussion. The germfree animal serves as
an ideal tool for the examination of an unlim-
ited range of enteric bacterial interactions.
Consequently, studies of Shigella infection
(8), transfer of drug resistance (9) and mul-
tistrain colonization (11, 12), have been con-
ducted in germfree animals. In vivo genetic
transfer between enteric bacteria has also
been performed in conventional antibiotic-
treated mice (12, 13) and in newly hatched
chicks (14). The transfer of colicinogeny as
another form of bacterial genetic exchange
was observed to take place in the animal
intestine in this study.

Current interest in colicin has been cen-
tered largely upon its genetics and mode of
action. Also of interest must be its role, if
any, in the possible advantage for an organ-
ism producing this lethal antibiotic protein to
establish and/or maintain itself in the intest-
ine. We have approached this question by
establishing a flora consisting of colicinogenic
and colicin-sensitive organisms in the intest-
ines of germfree mice. The colicinogenic CA-
62 strain used in this study established and
stabilized as a monocontaminant at levels
comparable with the colicin-sensitive E. coli
K-12 separately monocontaminated (Fig. 1,
upper 2 graphs). Somewhat higher levels of
colicinogenic CA-62 than colicin-sensitive K-

12 appeared after the fourth day postinocula-

tion and was thus maintained until the termi-
nation of the 7-day sampling period. Simul-
taneous residence of the colicinogenic colicin-
sensitive pair (Fig. 1, bottom graph) resulted
in no significant diminution of colicin-
sensitive K-12 bacteria over the 7-day sam-
pling period.

In the final set of experiments, initial tube
feeding of one strain was followed 2 days
later by water bottle inoculation of the other
strain. In spite of the 48 hr initial advantage
of colicinogenic CA-62 bacteria (Fig. 2A),
colicin-sensitive E. coli K-12 dispersed in the
drinking water resulted in the former being
outnumbered by the fourth week postinocula-
tion. Conversely, initially established colicin-
sensitive K-12 (Fig. 2B) was only slightly
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suppressed at day 7 postinoculation, but was
still present in comparable numbers in the
feces at the fourth week postinoculation. In
time, uninoculated animals in this isolator
became naturally cross-infected as manipula-
tive procedures necessary for isolator mainte-
nance enhanced the dispersion of bacteria
excreted from inoculated mice in adjoining
jars. Figure 2C shows that both organisms
established readily but colicin-sensitive K-12
was obviously not outnumbered by colicino-
genic CA-62 at the end of the 4-week sam-
pling period.

The strikingly lethal effect of CA-62 colic-
in upon K-12 bacteria could be seen from
plating of mixed broth cultures and observa-
tion of the lytic zones in seeded agar plates.
Our in vivo findings have not been analogous
to the #n vitro interaction which had signified
an obvious dominance by the colicin pro-
ducer. In vivo studies of colicin production
(15, 16) have left no doubt that colicinogeny
is a stable genetic ability. Whether strain
CA-62 produces more or less colicin under
either of these two conditions is not known.
It appears unlikely that colicin synthesis,
per se, would be adversely affected within the
confines of the intestinal lumen as compared
to growth conditions in a culture broth.

Other mechanisms which may be involved
in the interplay between enteric organisms
and the host and which affect our final inter-
pretation have been proposed or studied.
Meynell (17) stated that a knowledge of the
rate of division, the death rate, and the rate
at which inoculated organisms are excreted
into the feces would clearly be of advantage.
In the absence of this information, viable
bacterial counts of fecal dilutions as collected
in this study admittedly showed only the
“pet rate of change.” It has been suggested
that the susceptibility of colicins to the com-
bined action of endotoxins and proteolytic
enzymes would nullify any selective advant-
age of colicinogenic bacteria in the bowel
(16, 18). Ozawa and Freter (19) concluded
that availability of a fermentable carbon or
energy source would influence replacement of
a “resident” strain by an “invader” strain if
the latter preferentially utilized this sub-
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strate. In this regard, we found the colicin-
sensitive E. coli K-12 more active in regard
to various carbohydrate fermentations than
the colicinogenic SLF CA-62. Other workers
(17, 20) showed that volatile fatty acids and
low oxidation-reduction potentials in the
large intestine of normal mice exert consider-
able inhibitory activity against implantation
of additional enteric bacteria. We are aware
of the fact that examination of other similar-
ly interacting pairs of bacterial strains in the
germfree animal intestine might possibly give
results covering the entire range of suppres-
sion to dominance.

It would be desirable to relate in meaning-
ful fashion these aforementioned operational
considerations and the conclusions from this
study with genetic interpretations for colic-
inogeny in bacteria. Natural selection may
have preserved plasmids which determine coli-
cinogeny to aid in the survival and mainte-
nance of the species so endowed. This view
which was postulated by several authors (3,
21, 22) remains to be elucidated in addition-
al ecological studies.

Summary. Synthesis of colicin, per se, by
colicinogenic bacteria does not contribute sig-
nificantly, if at all, toward a selective advarit-
age in competition for dominance in gas-
trointestinal colonization. Per os inoculation
of germfree mice with a slow lactose fermen-
ting CA-62 colicinogenic bacteria and a colic-
in-sensitive E. coli X-12 (Row) resulted in
no suppression of the latter. When fecal sam-
ples were examined over a 4-week period, the
colicin-sensitive E. coli actually outnum-
bered the colicin producer.
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