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In recent years, a possible relationship between pathogenicity and colicinogeny
in some Escherichia coli strains responsible for gastrointestinal infection and
bacteremia in man and animals has been inferred. Using enterotoxigen-negative,
colicin V-producing E. coli strains, we have (i) elaborated a simple in vitro
method for producing greater yields of colicin V free of bacterial cells and large,
non-dialyzable molecules; (ii) detected the presence of the bacteriocin in perito-
neal fluids of moribund mice injected intraperitoneally 18 h previously with
colicin V-producing strains (in these mice, Col V+ exconjugants survived and
multiplied more extensively than the Col V- recipient strains from which they
were derived; and (iii) observed an increased vascular permeability and inflam-
matory response in rabbits and guinea pigs when a culture supernatant demon-
strating colicin activity was injected intradermally. The vascular response ob-
tained after the injection of either a colicin V-containing dialysate alone or that
of a trypsinized colicin-containing supernatant was always smaller than when the
colicin V-active supernatant was injected. An enterotoxin-free dialysate contain-
ing colicin V also increased markedly in rabbits and guinea pigs the mild inflam-
matory reaction that occurred in the skin when purified endotoxin was injected
subcutaneously in microgram doses. Our results are consistent with the hypothe-
sis that colicin V may act as a virulence factor in some E. coli strains.

Some colicins, like colicin V, are plasmid-de-
termined, narrow-spectrum antibiotic sub-
stances produced by Escherichia coli or closely
related bacterial strains. Although the lethal
effect of colicins on bacterial cells is well docu-
mented (4, 11, 12), we know very little about the
possible action of colicins upon eucaryotic cells;
recent work with Euglena gracilis (15), with
Candida albicans (C. D. Jeffries and R. E.
Schileru, Abstr. Annu. Meet. Am. Soc. Micro-
biol. 1975, p. 60, D52), and with experimental
animals (16, 17) strongly suggests that some col-
icins, in addition to their action on procaryotes,
may act upon eucaryotic cells, including mam-
malian cells; the fact that mammalian cells har-
bor organelles (mitochondria) reminiscent of
procaryotic microorganisms may not contradict
this (15). For workers on infection and immu-
nity, a renewal of interest in the ill-known coli-
cin V (4) arises from the facts that (i) it has
been shown by Smith (16) to be closely associ-
ated or identical with a plasmid-controlled le-
thal character found in some virulent E. coli
strains, and (ii) the Col V plasmid of certain
strains is transmissible by bacterial conjugation
(4, 16). Our recent experiments on the possible
relationships between colicin V and the viru-

lence of E. coli strains support previous obser-
vations by other workers (16, 17) that colicin V
can be related to virulence, and they indicate
that it may potentiate at least one of the effects
of endotoxins in rabbits and guinea pigs.

MATERIALS AND METHODS
Organisms. The E. coli strains used in our experi-

ments as a source of colicin V were: strain 44B from
the American Type Culture Collection (ATCC),
which produces colicin V1, and strain RC414 (ATCC),
which synthesizes colicin V2. The colicin V-sensitive
indicator strains used were E. coli RC511 (ATCC)
and the E. coli K-12 Row strain from our collection. A
colicin V-resistant mutant of the Row strain (Row
R/V) was included in all experiments as a control that
any inhibitory effect exerted on the indicator Row
strain was due to colicin V and not to other unknown
factors. Transfer of the Col V2 plasmid by bacterial
conjugation was performed according to techniques
we have already described (6). The colicin V2-produc-
ing donor strain was E. coli RC414, and the recipient
strains used were E. coli RC511, E. coli K-12 Row,
and E. coli K-12 Row R/V; the respective exconju-
gants were identified as E. coli RC511-V2, E. coli K-12
Row-V2, and E. coli K-12 Rowl-V2. All the strains
used were tested for enterotoxinogenic activity in S.
Lariviere's laboratory (Department of Microbiology
and Pathology, Faculty of Veterinary Medicine, Ste-
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Hyacinthe, Quebec, Canada) and were reported nega-
tive on the basis of (i) alteration of the Chinese ham-
ster ovary cell morphology test, (ii) the ligated swine
intestinal loop assay, and (iii) the suckling mouse test.

Media. The yields of colicin V, a bacteriocin con-
sidered to be noninducible by mitomycin C or ultravi-
olet rays (12), are low in most usual culture media.
After a series of trials involving several culture media
(brain heart, nutrient broth, Mueller-Hinton broth,
nutrient broth supplemented with 4 ,ug of methionine
per ml [Sigma Chemical Co.], and others), it became
apparent that, for unknown reasons, in heated (60°C,
10 h) tryptic soy broth (TSB) we repeatedly obtained
higher yields of the bacteriocin. Consequently, com-
mercial (Difco) TSB powder was first heated at 60°C
in wet heat for 10 h and dried at 37°C in dry heat for
72 h. This "modified TSB" (TSBM) was used according
to the specifications for ordinary TSB.

Production of colicin V in vitro. Since previous
investigations (1, 5) had shown that colicin V may
cross dialysis membranes and since it is believed that
the heat-labile toxin of E. coli has a large molecular
weight (19), a cellophane dialysis bag (Fisher, no. 8-
667-B) containing 150 ml of sterile distilled water was
tied securely and suspended in a closed 1-liter gradu-
ated cylinder containing 500 ml of TSBM culture me-
dium. The medium was inoculated with 0.1 ml (108
cells) of washed colicinogenic cells, and the cylinder
was incubated for 72 h at 37°C. The dialysis bag acts
as an exchange recipient which lets some of the coli-
cin produced enter and at the same time excludes the
bacterial cells and the large macromolecules like the
lipopolysaccharide (endotoxin). The dialysate was
heat sterilized (600C for 90 min); then sterility tests
were run on samples of its content, and its colicino-
genic activity was tested on both colicin V-sensitive
and -resistant strains. Colicin V being relatively heat
stable, this last treatment of the culture dialysate was
also intended to decrease the possibility that a biolog-
ical activity observed in subsequent tests with the
dialysate would be due to heat-labile enterotoxin that
may be involved in vascular permeability changes (3).

Detection of colicin V and titration of activity.
We used a simple detection test in which we spotted
drops of heat-sterilized dialysate on lawns of a colicin
V-sensitive strain to detect bactericidal colicinogenic
activities and on lawns of a colicin V-resistant strain
as controls. For sterility tests, we dropped 1-ml sam-
ples of dialysate on brain heart agar plates and incu-
bated them for 48 h. For titration of bactericidal ac-
tivity of our colicinogenic dialysates, we followed the
technique described by Mayr-Harting et al. (10),
which assesses the number of lethal units of colicin
per milliliter.
Surval of colicinogenic strains and produc-

tion of colicin in vivo. To measure the survival of
Col V2 exconjugant and Col V2- recipient strains in
vivo, we injected groups of 72 mice weighing approxi-
mately 20 g with each bacterial strain in three differ-
ent experiments. Equal numbers of viable units (VU)
of Col V2- recipient and Col V2+ exconjugant strains
were injected intraperitonealy (ip.) into the mice of
each group. At time zero, immediately after all mice
had been injected, we took three mice in each group
and washed their peritoneal cavity with 5 ml of iso-

tonic saline (9). We counted the VU in 1 ml of perito-
neal fluids, and this was recorded as the initial num-
ber of VU. Every 2 h during a period of 24 h, we
washed the peritoneal cavity of three randomly se-
lected mice in each group and counted the VU. By
this method, we followed the fate of each strain in the
mouse peritoneal cavity. Tests for colicinogenic activ-
ity of peritoneal fluids were also performed on each
sample obtained from the mice. We also made smears
with 10-p1 portions of peritoneal fluids from mice in-
jected i.p. with the Col V2' or Col V2- strains and
from mice injected with isotonic saline as a control.
Standardized smears were stained with acridine or-
ange as described previously (8, 9), and we counted
the number of phagocytic cells in 50 differents fields
examined under the fluorescence microscope (magni-
fication, x730).
Vascular permeability test. We followed the Ev-

ans blue technique (3) used for the assay of produc-
tion of vascular permeability factor in enteropatho-
genic E. coli strains; the substances to be tested were
injected intradermally (0.1 ml) to 500-g guinea pigs
(or to 1.5-kg New Zealand rabbits) in cleanly shaved
areas on the backs of the animals. Twenty-four hours
later, a solution (2% in 0.15 M NaCl) of Evans blue
dye (Matheson, Coleman and Bell) at a dose of 40 mg
per kg of body weight was administered intrave-
nously. Two hours were allowed for permeation of the
dye, after which we measured the diameter of the blue
zones in the skin of the experimental animals.

In vivo tests with sources of colicin V and Col
V- cells. (i) With live Col V- cells. To verify
whether a colicin V-containing dialysate could in-
crease the virulence of Col V2- strains for mice when
both were administered together, we injected i.p. (i)
groups of 10 mice weighing approximately 20 g with
2.5 x 108 VU of E. coli RC511 suspended in 1 ml of
colicin V-containing dialysate, and (ii) groups of 10
mice with 6 x 108 VU of the same strain under the
same experimental conditions. Controls were mice in-
jected i.p. with the bacterial strain alone. Deaths were
recorded during 24 h.

(ii) With heat-killed cells as a source of endo-
toxin. From previous experiments, we knew that coli-
cin V is produced in vivo. Therefore, groups of 10
mice were injected i.p. with 108 VU of E. coli RC511-
V2 Col V2' mixed with 10i heat-killed (60°C for 90
min) cells of E. coli RC511 Col V2- in 1 ml of saline to
see whether the lethality of the Col V2' dose would be
increased by the addition of bacterial endotoxin.
Groups of mice injected i.p. with 108 VU of E. coli
RC511 mixed with 108 heat-killed cells of E. coli
RC511-V2, with 108 VU of E. coli RC511-V2 alone, or
with E. coli RC511 alone served as controls. Deaths
were recorded after 24 h.

RESULTS

Colicin V production. The colicin V con-
centration inTSBM was 5 to 10 times higher than
in the other media tested. Concentrations
around 4 x 107 lethal units of colicin V per ml
could be obtained in the dialysis bag, whereas
final numbers of viable microorganims were
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near 109/ml in the surrounding medium. We
also observed that incubation in an ambient
temperature exceeding 40°C or under anaerobic
conditions inhibited colicin V production; shak-
ing (aeration) did not seem to increase the final
numbers of lethal units of colicin V per milli-
liter. Figure 1A shows the inhibition obtained
when drops of sterile, colicin V-containing dialy-
sate were spotted on a lawn of a sensitive strain.
Survival of Col V2+ exconjugant and Col

V2_ recpient strains in the mouse perito-
neal cavity. We compared the survival in the
peritoneal cavity of mice of the E. coli RC511-
Col V2- recipient and the E. coli RC511-V2+
exconjugant strains (Fig. 2). When 2 x 108 viable
celLs were injected, the number of VU in perito-
neal fluids was similar for both strains during
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FIG. 2. Comparison between E. coli RC511 (Col

V2-) recipient and E. coli RC511- V2 (Col V2+) exconju-
gant strains for survival in the mouseperitoneal cav-
ity. 7here was a difference of 3 log units between the
numbers of viable ceUs harvested from theperitoneal
cavity of the mice 24 h after the injections.

FIG. 1. Presence ofcolicin Vin a culture dialysate
of E. coli strain 44B (colicin V producing) and in
the peritoneal fluids of mice injected with the same
strain. (A) In culture dialysate: 3 drops of heat-ster-
ilized culture dialysate were spotted on a lawn of
colicin V-sensitive RC511, resulting in three large
zones of inhibition (dish 1); when the same dialysate
was spotted on a lawn ofa mutant E. coli K-12 Row
resistant to colicin V (dish 2) or on a lawn of the
colicin V-producingstrain itself(dish 3), no inhibition
zones were observed. Continuous concentric rings of
growth can be seen. In dish 4, the dialysate was

spread on agar to check for its sterility; no growth
resulted. (B) The same tests were performed with a

sample of sterile peritoneal fluids from mice injected
i.p. with the same strain, except that 2 drops were

spotted instead of 3.

the first 6 h. Then the number of VU began to
increase for the colicin-producing strain and
continued to decrease for the nonproducing
strain. After 12 h, there was a difference of 3 log
units between the numbers of viable cells of the
two strains in the peritoneal cavity of the mice,
and those that had received the RC511-V2 ex-
conjugant began to die. No deaths were re-
corded in the groups injected with the Col V2
strain. We repeated the same experiment with
the E. coli Row and Row-V2 strains, and the
results after 24 h, at the end of the expenment,
were similar. The Col V2' exconjugant strain
displayed a greater ability to survive in the
mouse peritoneal cavity and was more lethal
than the Col V2 recipient strain (Fig. 3). Also,
we observed that the number of phagocytic cells
(counted in 50 different fields examined under
the microscope) in 10 pl of peritoneal fluids was
lower in mice injected i.p. 16 to 20 h previously
with the E. coli RC511-V2 strain than in mice
injected with the E. coli RC511 strain. We re-
corded an average of four macrophages per field
when the mice had been injected with the Col
V2' strain and a mean of nine macrophages per
field for mice challenged with the Col V2
strain. On the average, four macrophages per
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FIG. 3. Fate ofE. coli K-12Row (Col V2-) recipient

and E. coliK-12Row-V2 (Col V2+) exconjugant strains
in the mouse peritoneal cavity. The difference be-
tween the two strains after 24 h was 2 log units.

field were present in the smears of peritoneal
fluids from mice injected with isotonic saline
(control). One hundred percent death was re-
corded in the group of mice injected with the
Col V2' strain, and no mice died in the group
injected with the Col V2 strain.
Production of colicin V2 in vivo. Colicin

V2 was present in detectable quantities in the
peritoneal fluids of mice about 10 to 12 h after
the injection of colicin-producing strains, which
corresponded with the active exponential phase
of multiplication of the bacteria. We also de-
tected colicinogenic activity in peritoneal fluids
from agonizing mice injected with any of the
Col V2-producing strains (see Fig. 1B).
Vascular permeability. We had observed

that agonizing mice injected with Col V2-pro-
ducing strains showed symptoms like those ob-
served in endotoxic shock (14). We hypothe-
sized that the Col V2+ E. coli strains could leave
the peritoneal cavity and invade the circulatory
system more rapidly than the Col V2- E. coli
strains used in our experiments. We carried out
tests to see whether the colicin V preparation
alone (dialysate) or the colicin preparation and
endotoxin (broth culture) could influence vascu-
lar permeability. It is known that endotoxin in-

jected subcutaneously in guinea pigs or rabbits
causes a mild inflammatory reaction and vascu-
lar changes (2). Under our experimental condi-
tions, we found that colicinogenic dialysate
alone had no effect on vascular permeability
(Fig. 4A); negative results were also obtained
with trypsinized dialysate (Fig. 4B) and sterile
TSBM dialysate (Fig. 4G). However, the centri-
fuged (5,000 rpm for 20 min), heat-sterilized
broth culture of Col V+ E. coli 44B increased
vascular permeability (Fig. 4C) as measured by
the Evans blue technique. The diameter of the
zone colored by the dye was 15 mm, whereas
trypsinized centrifuged broth culture (Fig. 4D)
and sterile broth culture (Fig. 4E) did not give
colored zones. We knew that there was no de-
tectable colicin V production at 410C, so we also
verified that broth culture inoculated with E.
coli 44B and incubated at 410C had no effect on
vascular permeability (Fig. 4F). There was a
great difference in vascular permeability in-
crease in response to broth culture incubated at
410C (Fig. 5B) and broth culture incubated at
370C and shown to have colicinogenic activity
(Fig. 5A). These results, reproduced several
times in both rabbits and guinea pigs, indicated

FIG. 4. Detection of increased vascularpermeabil-
ity by the technique of Evans et al. (3) in the skin of
guinea pigs injected intradermally with colicin V-
containing and colicin V-free preparations. (A) Coli-
cin V-containing dialysate of E. coli 44B (Col V.)
culture in TSBM; (B) trypsinized dialysate of E. coli
44B culture in TSBM, without detectabkecolicinogenic
activity; (C) centrifuged (5,0(X) rpm for 20 min) broth
culture of E. coli 44B (Col V1+), with detectablebacte-'
ricidal (colicinogenic) activity; (D) trypsinized broth
culture used in (C), without detectable colicinogenic
activity; (E) sterile culture broth (TSBM); (F) centri-
fuged broth culture of E. coli 44B (Col V+) incubated
at41.C, without detectable bactericidal activity; (G)
dialysate of sterile culture broth. A large zone of ex-
travasation of the dye was seen only in (C), the only
preparation expected to contain a mixture of un-
treated (not trypsinized) colicin and endotoxin.
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FIG. 5. Close-ups from Fig. 4. (A) Extravasation
zone observed in Fig. 4C (centrifuged broth culture
of Col V+ E. coli 44B strain); (B) Extravasation zone
observed in Fig. 4F (same as in [C], except that the
culture was incubated at 41°C). One can observe the
great differences in diameter and intensity ofzone C
(15 mm) in comparison with zone F, which is smaller
(2 mm).

that apparently colicin V affected the vascular
response to an E. coli culture supernatant pre-

sumably containing endotoxin. In other experi-
ments with rabbits, the colicin V-containing di-
alysate was injected alone and with purified
Serratia marcescens endotoxin (lipopolysac-
charide) (Sigma catalog, 1976, no. L-3380).
There was a greater permeation of the dye in

the area where the two substances had been
injected.
Interaction between colicin V and bacte-

rial cells of the Col V2- strain in vivo.
There was no significant difference in the mor-

tality rates when Col V- cells were injected into
mice with or without the colicin V-containing
dialysate. The lower cell concentration (2.5 x
1iO cells) caused no death, whereas for the
higher one (6 x 108 cells) the mortality rate

(45%) was not increased by the presence of coli-

cin-containing dialysate. It was not possible, un-

der our experimental conditions, to find a bacte-
rial concentration with lethality that could be
significantly increased by the concomitant in-
jection of our colicin V-active preparation. That
is why, in another series of experiments, we in-
jected live cells of the Col V2+ strain to have
production of colicin V in situ. When live Col
V2+ cells were mixed with dead Col V2- cells,
90% of the mice died; when live Col V2- cells

were mixed with dead Col V2+ cells and injected
i.p., no deaths were recorded (Table 1). Control
live Col V2+ cells injected i.p. alone killed 50% of
the mice, and Col V2- cells caused no death.

DISCUSSION
In the past, E. coli strains associated with in-

fections in man (and animals) have been identi-
fied as belonging to a small number of entero-
pathogenic serotypes or to enterotoxigenic
strains (13), but little consideration (4) has been
given to colicins as factors of invasiveness or

pathogenicity. The discovery by Smith (16) of a
plasmid coding for colicin V production and as-

sociated with lethality stemmed from an obser-
vation that several different passaged mating
cultures grown with a Col V E. coli strain previ-
ously associated with an outbreak of bacteremia
in chickens were lethal for chickens upon intra-
venous injection. When the Col V plasmids of
another six wild strains of E. coli of varied ori-
gin were transferred to organisms of E. coli K-
12, a lethality increase was also observed by the
same author. Our study was triggered by
Smith's report, and we felt it desirable to deter-
mine conditions under which colicin V can be
readily obtained in vitro to be used in studies of
pathogenicity with and without bacterial cells.

Our past experience with several colicins led
us to expect that the choice of the culture me-

TABLE 1. Mortality rates in mice injected i.p. with a
colicin V-producing E. coli exconjugant strain and

heat-killed cells as a dose of endotoxin
Mouse groupa Mortalityb after 24 h (%)

A 90
B 0
C 50
D 0

a Ten mice per group. Group A received 108 VU of
E. coli RC511-V2 niixed with 108 heat-killed cells of E.
coli RC511; group B was injected with 108 VU of E.
coli RC511 mixed with 108 heat-killed cells of E. coli
RC511-V2; group C was injected with 108 VU of E.
coli RC511-V2; and group D was injected with 108 VU
of E. coli RC511.

b Average of three experiments.
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dium (7) and the growing conditions, as we have
shown, could be critical. Other workers (18) had
demonstrated that the incubation temperature
and rate of oxygenation can influence bacterio-
cin production. Our own results with colicin V
suggest that the colicin is not produced at 41°C
or when the oxygenation rate is decreased by
anaerobiosis. The use of a dialysis bag (sug-
gested also by the results of other workers [5])
represents an easy method to separate the coli-
cin from the cells and the endotoxin considered
as a large macromolecule unable to pass
through the pores of cellophane.
Smith (16) reported an increased lethality for

mice of a Col V+ strain (B188) over its Col V-
form. In our laboratory, we have found similar
results with a Col V2+ exconjugant (E. coli
RC511-V2) and the wild-type recipient strain
(RC511 Col V21). In these experiments, re-
peated several times and also performed with
another exconjugant-wild-type system (Row-V2
and Row), we showed that the increased lethal-
ity for mice was accompanied by a significant
multiplication of the colicin V-producing excon-
jugants (Fig. 2 and 3) in the peritoneal cavity of
mice, whereas the Col V2- wild types were rap-
idly being eliminated by the defense systems of
the mice. In relation with this, we observed that
the number of phagocytic cells in peritoneal
fluids from mice injected i.p. with the Col V2+
strain was twice as low as in peritoneal fluids
from mice injected i.p. with the Col V2- strain.
Since the only difference between the two
strains is the presence of the Col V2 plasmid and
since we found colicin V2 in the peritoneal fluids
from mice injected with the colicin V2-produc-
ing strain, the possibility that colicin is active
against mouse peritoneal phagocytic cells is sug-
gested.
We hypothesized that the colicin could play a

role in the invasion of the blood vessels, and we
checked the possible influence of the colicin on
vascular permeability, which could be done eas-
ily with Evans technique. We recognize here the
possibility that the biological effects observed in
our experiments may have been due to some
form of E. coli enterotoxin. It is important to
recall, however, that (i) all the strains used in
our experiments had been previously tested and
found negative for enterotoxin and permeability
factor by another laboratory where such tests
are routinely done (see Materials and Methods);
(ii) the better-known permeability factor of E.
coli seems to be a function of the heat-labile
enterotoxin (3) (our colicin V dialysate did not
lose its activity after heating at 60°C for 90 min
[3], and the cellophane bag used in our experi-
ments would normally not allow the entry of the
heat-labile toxin, which presumably has a large

molecular weight); and (iv) the colicin V-con-
taining dialysate alone did not cause a greater
vascular permeability to Evans blue dye than
did any of the control solutions. The increased
response obtained when both the dialysate and
endotoxin were injected together nonetheless
suggests a possible synergistic effect between
one or possibly more substances in the dialysate
and endotoxin when injected subcutaneously.
This is supported also by the fact that living

cells of a colicin V-producing strain mixed with
a nonlethal dose of dead bacterial cells (Table 1,
group A) killed on the average 40% more mice
than the Col V2+ cells alone (Table 1, group C)
and 90% more than a similar number of live
cells of a nonproducing strain mixed with killed
bacterial cells of the Col V-producing strain
(Table 1, group B). Increased mortality was not
caused by additional endotoxin itself because in
group B (Table 1) we observed no deaths even if
the total amount of endotoxin was compared
with that of group A, the numbers of cells in-
jected being the same. These results suggest
again a possible synergistic effect between coli-
cin V (or a substance closely associated with it)
and bacterial endotoxin in vivo. The fact that it
was not possible to increase significantly the le-
thality of non-colicinogenic cells by injecting
them simultaneously with a colicin V-contain-
ing dialysate may be due in part to the follow-
ing: (i) the traces of colicin injected may be ab-
sorbed or destroyed rapidly; and (ii) it is diffi-
cult to find the right number of live cells to be
injected, the margin between a lethal and a non-
lethal dose being small. Indeed, when the dose
administered is low (e.g., 108), the bacteria are
cleared within a few hours by the phagocytic
cells; if more bacteria are used (e.g., 6 x 108),
the mortality rate may be high enough to make
it difficult to measure any additive effect of the
colcin.
The observation that a centrifuged broth cul-

ture of E. coli 44B (Col V+) with detectable
bactericidal (colicinogenic) activity increased
vascular permeability (Fig. 4C) in experimental
animals, whereas the same preparation treated
with trypsin and no longer showing bactericidal
activity failed to affect permeation of Evans dye
(Fig. 4D), suggests a possible involvement of
colicin V as a factor of invasion (16). This is
further supported by the fact that a colicin V
dialysate alone had no significant action on vas-
cular permeability, but in association with S.
marcescens endotoxin it increased vascular
permeability as evidenced by a greater pernea-
tion of intravenously injected Evans blue dye.
Colicin V alone, as reported by Smith (16) and
observed by us, is not lethal, but the facts that it
is produced in vivo, that it seems to affect the
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phagocytic ability of macrophages, and that it
may potentiate at least one of the effects of
endotoxin support a possible implication of coli-
cin V2 in the pathogenicity of some E. coli coli-
cin V2-producing strains.
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