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An enterotoxin-producing strain of Escherichia coli isolated from a case of
cholera-like diarrhea (E. coli strain H-10407) was found to possess a surface-
associated colonization factor. Colonization was manifested as the ability of
small inocula (105 bacteria) to attain large (10w) populations in the infant rabbit
intestine with a concomitant diarrheal response. A laboratory-passed derivative
of E. coli H-10407, designated H-10407-P, failed to exhibit an increase in
population in the infant rabbit and also failed to induce diarrhea. Cell-free
culture supernatant fluids of E. coli H-10407 and H-10407-P produced equivalent
enterotoxic responses in infant and in adult rabbits. Specific anti-colonization
factor antiserum was produced by adsorbing hyperimmune anti-H-10407 serum
with both heat-killed and living cells of E. coli H-10407-P. This specific adsorbed
serum protected infant rabbits from challenge with living E. coli H-10407
although the serum did not possess bactericidal activity. The anti-colonization
factor serum did not agglutinate a strain of E. coli K-12 possessing the K88
colonization factor peculiar to E. coli enterotoxigenic for swine. By electron
microscopy it was demonstrated that E. coli H-10407, but not H-10407-P,
possessed pilus-like surface structures which agglutinated with the specific ad-
sorbed (anti-colonization factor) antiserum. E. coli H-10407 possessed three spe-
cies of plasmid deoxyribonucleic acid, measuring 60 x 10X, 42 x 106, and 3.7 x
10' daltons, respectively. E. coli H-10407-P possessed only the 42 x 106- and the
3.7 x 106-dalton plasmid species. Spontaneous loss of the specific H-10407 sur-
face-associated antigen was accompanied by loss of the 60 x 106-dalton species of
plasmid deoxyribonucleic acid and loss of colonizing ability. Thus, it is concluded
that the E. coli colonization factor described here is a virulence factor which may
play an important and possibly essential role in naturally occurring E. coli entero-
toxic diarrhea in man.

It is characteristic of Escherichia coli en-
terotoxigenic for man that the bacteria attain a
large population in the small intestine and there
produce enterotoxin which specifically affects
that part of the bowel (15, 16). Although inges-
tion of E. coli cannot be considered an uncom-
mon event, the organisms rarely colonize the
human small intestine. Thus, it may be specu-
lated that enterotoxigenic E. coli possess an
adhesive factor which would overcome normal
intestinal clearing mechanisms and facilitate
colonization. While evidence for intestinal
adhesiveness in E. coli enteropathogenic for
man is very sparse (6, 35), there is considerable
evidence that the K88 antigen (24, 25) peculiar
to E. coli enterotoxigenic for swine is adhesive
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for swine intestinal epithelium (1, 19, 32, 33).
The K88 antigen is a protein in the form of
numerous fine filaments covering the surface of
the bacterial cell (36, 37). This antigen is an
essential virulence factor of K88-positive en-
terotoxigenic E. coli in conventionally reared
piglets (19). It is also of interest that the K88
gene is carried by a transmissible plasmid
which is spontaneously lost upon subculture of
K88-positive cultures in the laboratory (23, 33).
A prerequisite for the study of virulence

factors is the availability of a suitable animal
model. We chose 4-day-old infant rabbits on the
basis of previous work which had demonstrated
the high sensitivity of these animals to en-
terotoxins of E. coli and Vibrio cholerae and to
challenge with viable cultures of these bacteria
(9, 17, 30). In this paper we are reporting that
enterotoxigenic E. coli isolated from man
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(strain H-10407) possesses a plasmid-associated
heat-labile surface antigen which is similar to
but not identical with the K88 antigen. The E.
coli H-10407 antigen functions as a virulence
factor in that it facilitates colonization of the
small intestine.

MATERIALS AND METHODS

Organisms and stock culture conditions. E. coli
strain H-10407, serotype 078:K80:H11, was isolated
from the liquid stool of a patient with severe cholera-
like, Vibrio-negative diarrhea in Dacca, Banladesh
(11). Studies concerning the enterotoxigenicity of this
isolate have been described in several previous reports
(10, 12-14). The strain employed in the present study
was a recently opened lyophile culture derived from
the original isolate in Dacca in 1971. The strain
designated H-10407-P here refers to the culture of E.
coli H-10407 after approximately 4 years of mainte-
nance and passage on artificial media in the labora-
tory. Stock cultures were maintained on slants com-

posed of 2.0% peptone (Difco), 0.5% NaCl, and 2.0%
agar.

E. coli strain H-10405 (untypable) was a non-

enterotoxigenic human isolate from Dacca (11, 12)
which served as a negative control. A strain of E. coli
K-12 possessing the K88 antigen (K88 colonization
factor) originating from an isolate of E. coli enterotox-
igenic for swine was kindly supplied by Stanley
Falkow.

Enterotoxin preparations. Crude enterotoxin
preparations consisted of cell-free culture supernatant
fluids. Eighty milliliters of a medium consisting of
2.0% Casamino Acids (Difco), 0.6% yeast extract
(Difco), 0.25% NaCl, and 0.871% K2HPO4 (0.05 M)
plus 0.005% MgSO4, 0.005% MnCl2, and 0.0005%
FeCls (final pH 8.5) in a 500-ml Erlenmeyer flask was
inoculated directly from a peptone agar stock culture
and incubated for 18 h at 37 C with shaking. Details
concerning enterotoxin production in this medium
have been described elsewhere (12). Cells were re-

moved by centrifugation at 16,000 x g for 20 min
followed by membrane (0.45 gm, Millipore Corp.)
filtration of the supernatant fluid. The crude entero-
toxin preparations employed here were not concen-
trated or otherwise treated except for refrigeration at
4 C.

Preparation of inocula for challenge of infant
and adult rabbits. Five milliliters of brain heart
infusion broth (BHIB, Difco) was inoculated directly
from a peptone stock culture and incubated without
shaking for 18 h. This culture (0.05 ml) was employed
as inoculum of a second 5-ml BHIB culture that was
incubated for 5 to 6 h and then diluted with sterile
BHIB to approximately 105 bacteria per ml for
intestinal challenge of infant rabbits. For challenge of
the adult rabbit ligated intestine, the second BHIB
culture was incubated for 7 to 8 h at 37 C and then
diluted with sterile BHIB to approximately 101 bacte-
ria per ml.

Adult rabbit intestinal ligated loop assay. The
adult rabbit intestinal loop assay (5) was performed
as previously described (14) employing albino rabbits

weighing 1.5 to 2.0 kg. Each 4- to 5-cm ligated
segment received a 1.0-ml intraluminal injection of
test material, taking special precaution against con-

tamination of the peritoneal cavity. Loops were in-
jected in a randomized sequence in a blind fashion
employing a minimum of three animals per study. An
18-h gut exposure time (14) was employed; fluid
accumulation was expressed as milliliters of fluid per

centimeter of intestine. Challenge of ligated loops was
carried out with bacterial suspensions prepared as

described above employing sterile BHIB as a negative
control. Appropriate dilutions of the crude entero-
toxin preparations were assayed employing the phos-
phate-buffered saline (PBS) diluent as negative con-

trol.
Infant rabbit intestinal assay. Four-day-old in-

fant rabbits, freshly separated from the mothers, were

employed; animals from several litters were pooled
and separated into groups of six to eight animals at
random. A 2- to 3-cm midline incision was made
under local anesthesia and the duodenum was located
with the aid of a blunt curved glass rod. The inoculum
(1.0 ml) was injected directly into the lumen of the gut
taking care not to contaminate the peritoneum. The
incision was closed with silk sutures. The animals
were sacrificed 18 h later by intracardiac injection of
Nembutol.

For the measurement of fluid accumulation the
entire gut was dissected out after ligation of the
anterior and posterior ends. The intestines were

weighed in a preweighed container. The entire con-

tents of the intestines were extruded out after dissect-
ing of the intestines into short lengths. This was

accomplished by firmly pressing the intestine against
a glass plate covered with thick filter paper. The
remaining tissue was weighed as before and the
weight of the contents was determined by difference.
Fluid accumulation was expressed as grams of content
per gram of intestinal tissue.

For bacterial counts the intestines were excised as

above and the uppermost section of the small intes-
tine was removed, weighed, minced with sterile in-
struments, and homogenized with a glass homoge-
nizer with an appropriate measured volume of sterile
cold water. All of the procedures were carried out at
4 C. Tenfold dilutions were promptly prepared and
plated on Tergitol-7 and MacConkey medium (Difco).
Bacterial recovery was expressed as colony-forming
units (CFU) per gram of intestine. Colonies were also
selected at random and serotyped for identity; no

background contamination was detected in the infant
rabbits employed in this work.

Preparation of antiserum against E. coli H-
10407. Rabbits were immunized with E. coli H-10407
as follows. Peptone agar plates were inoculated for
confluent growth and harvested after 18 h at 37 C by
suspension in PBS. The suspension was diluted to
approximately 109 bacteria per ml, 0.5% formalin was

added, and the mixture was maintained at 4 C for 48
h. Ten rabbits were inoculated intravenously with 0.1
ml of PBS containing 106 formalized bacteria. The
dosage was doubled for four additional injections
administered at 3-day intervals. A sixth dose con-

sisted of 2 x 106 bacteria in PBS. The rabbits were
bled 14 days after the sixth dose.
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Adsorption of anti-H-10407 serum with E. coli
H-10407-P cells. E. coli H-10407-P cells were har-
vested in PBS from the confluent growth obtained by
growing 18-h peptone-agar cultures in 8-in. (ca. 20.3
cm) Roux bottles. The thick suspension was auto-
claved for 1 h. Ten milliliters of anti-H-10407 serum
was added to approximately 1 ml of packed H-10407-P
cells, mixed, and centrifuged at 10,000 x g for 20 min.
The serum was recovered and re-exposed to H-10407-P
cells as before. This adsorption procedure was re-
peated until no agglutination of H-10407-P cells could
be detected with the serum. The serum was then
twice adsorbed, as above, with living H-10407-P cells
derived from fresh young BHIB cultures. The final
preparation is referred to as specific adsorbed serum.

Bacterial agglutination with antiserum. The
antibody agglutination test was performed with young
(4- to 5-h) BHIB-grown cells prepared as above and
suspended in PBS. For example, the specific adsorbed
serum was tested for bactericidal activity against
H-10407 by mixing equal volumes of twofold dilutions
of the serum and 4- to 5-h BHIB-grown cells (108
bacteria per ml). A second series was prepared to
contain fresh guinea pig serum as a source of comple-
ment. A BHIB control and a control containing
normal rabbit serum was also prepared. The tubes
were mixed and incubated for 1 h at 37 C. After
incubation, appropriate dilutions were prepared from
each tube and plate counts performed.

Neutralization of colonization factor with spe-
cific adsorbed serum. E. coli H-10407 cells were
prepared at 2 x 105 bacteria per ml in PBS and mixed
with an equal volume of a 1:60 dilution of the specific
adsorbed serum (final dilution 1: 120). A similar
mixture was prepared in a 1:60 dilution of pooled
normal rabbit serum as control. The mixtures were
incubated for 30 min at 37 C and administered to
respective groups of infant rabbits by the intralumi-
nal route described above.

Electron microscopy. Cells from 18-h, 37 C cul-
tures grown on peptone agar plates were harvested
and suspended in PBS at approximately 108 bacteria
per ml. Negative staining for electron microscopy was
accomplished as follows. Carbon-coated collodion
grids were floated on a droplet of cell suspension and
the excess was removed by adsorption into filter
paper. The grids were then rested, for 1 min each, on
droplets of bacitracin (wetting agent, 50 Ag/ml), two
changes of distilled water and finally 1.0% uranyl
acetate. Cells were exposed to the specific adsorbed
(anti-H-10407) serum, prepared as described above,
by floating the grids on droplets of the serum (1:32
dilution) for 15 min before further treatment. After
drying, the grids were examined in a Philips EM 200
electron microscope operated at 80 kV.

Isolation and characterization of plasmid DNA.
Cells were grown for several generations in 30 ml of
M9 medium (21) with 0.5% glucose, 0.2% Casamino
Acids, 250 gg of deoxyadenosine per ml and either
[3H]thymidine (1.0 gCi/ml, Schwartz/Mann; 18 Ci/
mmol) or ["C Jthymine (0.2 zCi/ml, Schwartz/Mann;
58 mCi/mmol). Cells were harvested by centrifugation
at 17,000 x g and lysed by the lysozyme-Brij 58 tech-
nique of Clewell and Helinski (4). The lysate was
centrifuged at 48,000 x g for 25 min, a procedure

which removes greater than 95% of the chromosomal
deoxyribonucleic acid (DNA) while the plasmid DNA
remains in the supernatant (cleared lysate). Material
from the cleared lysate was further purified by centrif-
ugation in cesium chloride (p = 1.625 g/cm3) contain-
ing ethidium bromide (800 ug/ml) (26). The resultant
plasmid mixture was centrifuged at 20 C for 40 h at
105,500 x g in a 50 Ti rotor in a Beckman L5-50
ultracentrifuge. The dense band of covalently closed
circular (CCC) plasmid DNA was collected, the
ethidium bromide was extracted with isopropanol,
and the DNA was dialyzed. DNA samples (50 to 150
ml) were layered on 5 to 20% neutral sucrose gradients
containing 0.5 M NaCl, 0.005 M ethylenediaminetet-
raacetate, and 0.05 M tris(hydroxymethyl)amino-
methane-chloride buffer, pH 8.1, and then centrifuged
at 149,000 x g for 60 min at 20 C in an SW50.1 rotor.
After centrifugation, 6-drop fractions were collected
onto circles (2.3-cm diameter) of Whatman no. 3 filter
paper. The filters were dried and precipitated by
immersion of the disks in cold 5% trichloroacetic acid
containing thymine (100 Ag/ml). The filters were
washed once with cold 5% trichloroacetic acid and
twice with 95% ethanol, dried, and counted in a
Beckman LS-230 scintillation counter. Gradients con-
tained either "4C-labeled CCC Col D DNA (21S) (38)
or "4C-labeled CCC Rl DNA (75S) (28) and the S
values of all 3H-labeled DNA species were calculated
relative to the reference DNA. The molecular weights
of DNA species were calculated from the relationship
S = 0.034 M-428 (2).

RESULTS
Response of infant rabbits to intestinal

challenge with E. coli H-10407 and its labo-
ratory-passed derivative H-10407-P. It is a
common observation that repeated subculture
of originally virulent clones of pathogenic bacte-
ria promotes a population shift in favor of
variants lacking those characteristics which are
advantageous only in the realm of the host-
parasite relationship. We employed 4-day-old
infant rabbits as the artificial hosts to compare
the virulence of a lyophile-preserved culture of
the enterotoxigenic E. coli strain H-10407 with
its laboratory-passed derivative H-10407-P.
Groups of infant rabbits were given intralumi-
nal injections of fresh, young cultures of E. coli
H-10407, H-10407-P, or H-10405 (non-
enterotoxigenic control) or uninoculated culture
medium. Only E. coli H-10407 elicited signifi-
cant fluid accumulation (Table 1). The labora-
tory-passed derivative, H-10407-P, and the non-
enterotoxigenic control strain, H-10405, failed
to produce a positive reaction.
Response of infant rabbits to intraluminal

administration of cell-free culture fluids of E.
coli H-10407 and H-10407-P. It was apparent
from the above results that E. coli strain
H-10407-P was functionally avirulent for infant
rabbits; that is, it did not produce fluid accu-
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mulation when inoculated at a small dose (105
bacteria). We explored the hypothesis that this
strain was deficient either in enterotoxin pro-
duction or in its ability to colonize the infant
rabbit intestine. The first possibility was tested
by administering to groups of infant rabbits
sterile supernatant fluids from freshly grown
cultures of E. coli H-10407, H-10407-P, and
H-10405, grown under conditions known to
favor enterotoxin production. There was no
demonstrable difference between the entero-
toxin activities of the H-10407 and H-10407-P
preparations, both of these eliciting a signifi-
cant response in comparison to the preparation
derived from the non-enterotoxigenic control E.
coli H-10405 (Table 2).
Response of adult rabbit ligated intestines

to E. coli H-10407 and its laboratory-passed
derivative H-10407-P. In vitro enterotoxin pro-
duction by E. coli H-10407 and H-10407-P and

TABLE 1. Response of infant rabbit intestines to
living E. coli strain H-10407 and its laboratory-passed

derivative H-10407-P

E. col Wtof Wtof
inoculUMa con- intes- Activity ratiocinoculuma tentsb tine

H-10407 8.34 1.34 6.23 ± 0.38d, n = 9
H-10407-P 3.55 1.53 2.31 + 0.16d, n = 9
H-10405 3.02 1.11 2.73 0.28, n = 8
None 2.78 1.18 2.35 ±0.21, n = 8

a Inoculum was approximately 1 x 105 bacteria per
ml in BHIB; H-10405 was the non-enterotoxigenic
control; the medium controls were administered
BHIB only.

b Mean values, in grams.
c Activity ratio: grams of contents per gram of

intestine; values are means + 1 standard error of the
mean, and n = number of animals per group.

I Significantly different by pairwise comparison, P
< 0.001.

TABLE 2. Response of infant rabbit intestines to
cell-free enterotoxin preparations of E. coli strain
H-10407 and its laboratory-passed derivative

H-10407-P

E. coli Wt of Wt of
enterotoxin con- intes- Activity ratioc

prepnl tents6 tine

H-10407 8.26 1.34 6.15 ± 0.42, n = 8
H-10407-P 8.19 1.34 6.09 ± 0.21, n = 8
H-10405 3.12 1.30 2.41 ± 0.19, n = 8

a Cell-free crude culture supernatant fluids;
H-10405 = non-enterotoxigenic control.
"Mean values, in grams.
Activity ratio: grams of contents per gram of

intestine; values are means ± 1 standard error of the
mean, and n = number of animals per group.

the effect of whole-cell, living preparations were
next investigated by using the adult rabbit ileal
loop assay (14). Ligated intestinal loops of adult
rabbits were administered 1:5, 1:10, and 1:20
dilutions of crude enterotoxin preparations
(cell-free culture fluids) derived from E. coli
H-10407 and H-10407-P. There was no signifi-
cant difference between the enterotoxin activi-
ties of the two cultures (Table 3).
The 18-h adult rabbit ileal loop assay was

then employed to test viable cultures of H-10407
and H-10407-P, administering doses of 10w, 107,
and 108 bacteria per loop. All test samples were
assayed at random in the same animals so as to
minimize possible individual variations in re-
sponsiveness to E. coli enterotoxin. H-10407
produced fluid accumulation in the ileal loop
when only 108 cells were administered (Table 4).
On the other hand, a similar response by
H-10407-P required a dose of 108 cells per loop.
Test for colonization of the infant rabbit

intestine by E. coli H-10407 and H-10407-P.
Results obtained with both the infant rabbit
and the adult rabbit ligated intestinal loop
assays showed that the difference between

TABLE 3. Response of adult rabbit ligated intestines
to cell-free enterotoxin preparations of E. coli strain

H-10407 and its laboratory-passed derivative
H-10407-P

enterotoxin Fluid accumulation (ml/cm)

rationa 1:5b 1:10 1:20

H-10407 1.69 0.14c 1.46 0.15 0.74 0.19
H-10407-P 1.66 ± 0.09 1.28 ± 0.15 0.75 ± 0.18

a Cell-free crude culture supernatant fluids.
"Dilutions in PBS; negative control was PBS.
c Means 1 standard error of the mean; all samples

were tested in seven ligated loops.

TABLE 4. Response of adult rabbit ligated intestines
to living E. coli strain H-10407 and its
laboratory-passed derivative H-10407-P

E. coli Fluid accumulation" (ml/cm)
inoculuma 10o 107 106

H-10407 1.80 ± 0.18 1.02 ± 0.17c 0.45 ± 0.14c d-
H-10407-P 0.50 ± 0.14d 0.10 ± 0.03 0.06 ± 0.03

a Inoculum prepared and diluted in BHIB.
Mean values + 1 standard error of the mean; all

samples were tested in 12 different ligated loops;
negative control was BHIB.

c Significantly different by pairwise comparison, P
< 0.001.

d Not significantly different by pairwise compari-
son.
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TABLE 5. Recovery of E. coli strain H-10407 and its
laboratory-passed derivative H-10407-P from the

infant rabbit after intestinal challenge

E. coli inoculuma CFU/g of tissue'

H-10407 9.31 x 107, n = 12C
H-10407-P 4.36 x 104, n = 14c d
H-10405 9.90 x 104, n = 8d

aInoculum was approximately 1 x 105 bacteria per
ml, in BHIB; H-10405, non-enterotoxigenic control.

Colony-forming units per gram of homogenized
intestine.

c Significantly different by pairwise comparison, P
< 0.001.
dNot significantly different by pairwise compari-

son.

H-10407 and H-10407-P involved a virulence
factor other than enterotoxin. Infant rabbits
were selected as a rhodel system to test the
possibility that H-10407-P was unable to colo-
nize the intestine. This was accomplished by
administering small doses (105 bacteria) of
living H-10407, H-10407-P, and H-10405 to
infant rabbits according to the procedures de-
fined in Materials and Methods. H-10407
showed an increase in population to concentra-
tions of 9.3 x 107 CFU/g of tissue. Both
H-10407-P and H-10405 were able to survive in
the small intestine, but their concentrations
were approximately 3 logs less than H-10407
(Table 5). No E. coli were recovered in eight
control animals administered only sterile cul-
ture medium.

Antigenic difference between E. coli
H-10407 and H-10407-P. The results cited in
Table 5 suggested that the difference in viru-
lence between H-10407 and H-10407-P might be
due to the loss of a factor responsible for the
ability of H-10407 to colonize the intestine. The
possibility that this colonization factor might be
a specific surface antigen was investigated by
preparing antiserum against E. coli strain
H-10407, employing formalized cells as antigen.
This antiserum initially agglutinated both
H-10407 and H-10407-P cells; it was then ex-
haustively adsorbed with both living and heat-
killed preparations of H-10407-P cells to remove
the H, 0, and other antigens common to the two
strains. The adsorbed serum still agglutinated
living but not heat-killed E. coli H-10407 cells,
indicating that H-10407-P was lacking a heat-
labile surface antigen that was present on
H-10407 cells. A strain of E. coli K-12 possessing
the K88 colonization factor peculiar to E. coli
enterotoxigenic for swine failed to agglutinate
with the anti-H-10407 antiserum (Table 6).

Neutralization of the colonization factor by
specific adsorbed serum. Incubation of

H-10407 cells with the specific adsorbed serum
described above did not kill the bacteria even
in the presence of added complement. Experi-
ments were performed to test the possible
relationship between the colonization factor
and the antigen present on H-10407 but not on
H-10407-P cells. In the first experiment the
effect of the specific adsorbed serum on the
response of infant rabbits to challenge with E.
coli H-10407 was determined as a function of
intraluminal fluid accumulation. There was a
significant difference between the two experi-

TABLE 6. Antigenic difference between E. coli strain
H-10407 and its laboratory-passed derivative

H-10407-P

Plus nonad- Plus
Pso anoa- adsorbed

E. coli strain H-10407 anti-H-H007 10407
serum seruma

H-10407, living 1,024t 512b
H-10407, heat killedc 2,048 0

H-10407-P, living 1,024 0
H-10407-P, heat killed 2,048 0

H-10405, living 0 0
H-10405, heat killed 0 0

K-12 (K88+), living 32 0
K-12 (K88+), heat killed 0 0

a Anti-H-10407 serum adsorbed with both heat-
killed and living cells of strain H-10407-P.

I Reciprocal of highest dilution producing complete
agglutination.

cHeat killed denotes that agglutination was per-
formed with autoclaved bacteria; incubation was for
18 h at 50 C.

TABLE 7. Effect of specific adsorbed serum on the
response of infant rabbits to challenge with E. coli

H-10407

Con- Intes- Activity
Inoculum tents tine ratioa

(g) (g)

E. coli H-10407 plus
normal rabbit se-
rum ................. 7.88 1.15 6.84 0.67, n = 8

E. coli H-10407 plus
specific adsorbed
serumc .............. 3.29 1.33 2.48 ± 0.16, n = 8'

aGrams of contents per gram of intestine; mean values + 1
standard error of the mean, and n = number of animals per
group.

'Significantly different by pairwise comparison, P <
0.001.

c Inoculum was 1 x 105 cells per ml in each case; specific
adsorbed serum was anti-H-10407 antiserum adsorbed with
H-10407-P cells.
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mental groups of rabbits in that fluid accumula-
tion was abolished by the addition of the
specific adsorbed serum to the inoculum (Table
7).

In the second experiment, the effect of the
specific adsorbed serum on the recovery of E.
coli H-10407 from infant rabbit intestines was

determined. The specific serum did not prevent
the survival of H-10407 in the intestine but did
prevent the increase in population which oc-

curred in the rabbits which were administered
H-10407 plus normal rabbit serum (Table 8).
These results demonstrate a definite relation-
ship between the specific E. coli H-10407 anti-
gen and the colonization factor.
Demonstration of the E. coli H-10407 colo-

nization factor by electron microscopy. The
negative staining technique was employed for
an electron microscopic study E. coli H-10407
and H-10407-P. Cells were grown on the surface
of peptone-agar plates to discourage production
of common pili (7). In a comparative study of
untreated H-10407 and H-10407-P cells (Fig. 1),
it can be seen that cells of H-10407 possess

numerous, delicate, pilus-like filaments 8 to 9
nm in diameter and of considerable variation in
length. This variation in length could be attrib-
utable to the physical effects of suspension, as

cell-free filaments can also be observed (Fig.
1A). The inset (Fig. 1B) shows a comparison of
the pilus-like structure with a flagellum. The
cells of E. coli H-10407-P prepared in an identi-
cal fashion do not possess pili or pili-like fila-
ments, although flagella are present on

H-10407-P (Fig. 1C). Figure 2 shows the results
of a comparative study in which cells of E. coli
H-10407 and H-10407-P were exposed to the
specific adsorbed (anti-H-10407) antiserum im-
mediately prior to negative staining. Both at-
tached and unattached filaments were coated
with antibody (Fig. 2A and B). Cells of E. coli
H-10407-P did not react with the specific ad-
sorbed serum (Fig. 2C). However, the antibody
treatment is apparent because the proximal
ends of dislodged flagella reacted with antibody
which had not been fully removed by prior
adsorption (Fig. 2C and D). This simply indi-
cates that few proximal ends of flagella were

exposed to antibody during the original adsorp-
tion procedure.

Characterization of plasmid DNA of E. coli
H-10407 and H-10407-P. E. coli H-10407 and
H-10407-P cells were uniformly labeled with
[3H Ithymidine, and plasmid DNA was isolated
as described in Materials and Methods. The
sedimentation profile in a 5 to 20% neutral
sucrose gradient of the CCC DNA isolated from
strain H-10407 is shown in Fig. 3A. Three
distinct species of circular DNA are present,

TABLE 8. Recovery of E. coli strain H-10407 from
infant rabbits after intestinal challenge in the

presence of specific adsorbed serum

CFU per g ofInoculum tissuea

E. coli H-10407 plus normal
rabbit serum ............. 1.80 x 107, n = 8c

E. coli H-10407 plus spe-
cific adsorbed serum ...... 3.13 x 10', n = 8c

aColony-forming units per gram of homogenized
intestine.

bInoculum was 1 x 105 cells per ml in each case;
specific adsorbed serum was anti-H-10407 antiserum
adsorbed with H-10407-P cells.

c Significantly different by pairwise comparison, P
< 0.001.

sedimenting at 73, 62, and 22S values. These S
values correspond to molecular weights of ap-
proximately 60 x 106, 42 x 106, and 3.7 x 106
(Mdal), respectively. Analysis of this DNA by
electron microscopy yielded contour length
measurements which corresponded to the val-
ues obtained from velocity sedimentation data
(unpublished data). These results also agree
closely with those reported by Gyles et al. (18)
for E. coli H-10407 plasmid DNA. On the other
hand, sedimentation studies, as well as electron
microscopy, Qf the CCC DNA isolated from
strain H-10407-P indicated the presence of only
the 42-Mdal and 3.7-Mdal DNA species (Fig.
3B). These results were confirmed by labeling
the DNA of H-10407 with [3LH]thymidine and
that of H-10407-P with ["4C ]thymine. The plas-
mid DNA was then isolated from both strains
and co-sedimented in a 5 to 20% neutral sucrose
gradient. Only E. coli H-10407 contained the
60-Mdal species of DNA (Fig. 3C).
Spontaneous loss of colonizing ability and

the 60 x 10-dalton plasmid by E. coli H-
10407. As shown above (Table 6), strain H-
10407, but not H-10407-P, agglutinated with
the specific adsorbed anti-H-10407 serum. We
found, however, that when individual clones de-
rived from the H-10407 culture were tested for
agglutination with the specific adsorbed serum,
only 24% of these were positive. Three aggluti-
nating and three non-agglutinating isolates were
selected for further study. Cells were uniformly
labeled with [3H Ithymidine, plasmid DNA was
isolated by the cleared lysate technique, and
sedimentation profiles were obtained by em-
ploying 5 to 20% neutral sucrose gradients
(Table 9). Clones which were selected on the
basis of their ability to agglutinate with the spe-
cific adsorbed serum (H-10407-5, -19, and -21)
contained the three species of plasmid DNA ob-
served in E. coli H-10407. On the other hand,
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FIG. 1. Electron micrographs of negatively stained cells of E. coli H-10407 and H-10407-P. The micrograph of
E. coli H-10407 (A) shows delicate filaments which overlie and extend from the periphery of the cell. x60,000.
The inset (B) shows a thin filament lying next to a flagellum. x 100,000. The micrograph of E. coli H-10407-F
(C) shows flagella as the only visible surface structure. x100,000.
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FIG. 2. Electron micrographs of-negatively stained cells of E. coli H-10407 and H-10407-P after treatment
with specific adsorbed (anti-H-10407) antiserum. The micrograph of E. coli H-10407 (A) shows antibody
adsorbed to the surface-associated filaments. x60,000. The inset (B) shows a detached filament coated with
antibody overlying the shaft of an antibody-free flagellum. The micrograph of E. coli H-10407-P (C) shows no
antibody reaction with the cell surface. x 70,000. The inset (D) shows antibody reacted with the exposed
proximal end of a dislodged flagellum. x 100,000.
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FIG. 3. Neutral sucrose gradient analysis of the
plasmid complement of E. coli H-10407 and
H-10407-P. Plasmid DNA was uniformly labeled with
[3HJthymidine or ['4C]thymine and purified by ce-
sium chloride-ethidium bromide density gradient
centrifugation. DNA samples were layered onto 5 to
20% sucrose gradients and centrifuged at 149,500 x g
for 60 min at 20 C. (A) 3H-labeled H-10407 DNA; (B)
3H-labeled H-10407-P DNA; (C) 3H-labeled H-10407
DNA (-) and 1"C-labeled H-10407-P DNA (--).

the non-agglutinating cultures (H-10407-9, -22,
and -30) lacked the 60-Mdal plasmid although
these did possess the 42-Mdal and the 3.7-
Mdal species of DNA.
The colonizing ability of a non-agglutinating

isolate, H-10407-22, was assayed in the infant
rabbit model employing the same conditions as

those described in Materials and Methods and
in Table 5. E. coli H-10407-22 did not colonize
the small intestine, as evidence by the fact that
only 5.01 x 10' CFU per g of intestine (mean
value, 10 animals) was recovered 18 h after
challenge with 10' bacteria. H-10407-22 also
failed to produce fluid accumulation (diarrhea)
in infant rabbits when a group of seven animals
was challenged with 10' bacteria according to

the procedures illustrated in Table 1. The mean
value (2.29 ± 0.12 g of contents per g of
intestine) thus obtained with strain H-10407-22
was not different from that (2.31 ± 0.16) ob-
tained with the noncolonizing laboratory-
passed derivative strain H-10407-P. Thus, loss
of the specific H-10407 surface antigen and loss
of the 60-Mdal plasmid (Table 9) was also
associated with loss of colonizing activity.

DISCUSSION

Severe E. coli enterotoxin diarrhea in man is
analogous to Asiatic cholera in that the small
bowel is heavily colonized by the pathogen and
the symptomatology of the disease is entirely
attributable to enterotoxin (3, 16). Two viru-
lence factors are generally associated with en-
terotoxigenic E. coli: the ability to produce
enterotoxin and the ability to colonize the small
intestine in sufficient numbers to expose the
mucosal tissue to biologically significant
amounts of the toxin.
The widespread occurrence of E. coli en-

terotoxigenic for piglets, calves, and lambs has
stimulated numerous investigations into the
pathogenesis of E. coli enterotoxic diarrhea in
these animals. The ready availability of homol-
ogous animal model systems facilitated these
studies and has led to elegant descriptions of
the role of the surface-associated K antigens as
virulence factors in animal-associated en-
terotoxigenic E. coli diarrheal disease (19, 27,
31, 33, 34, and 40). Numerous lines of evidence
indicate that the K88 antigen (24) is a coloniza-
tion factor which plays an important, and
possibly essential, role in the naturally occur-

TABLE 9. Molecular nature ofplasmids isolated from
E. coli H-10407 and its laboratory-passed derivatives:

correlation between presence of specific H-10407
antigen and the 60 Mdal plasmid

Anti- En- Plasmidsb
Strain a tero-gen toxin 60 42 3.7

H-10407 + + + + +
H-10407-P - + - + +

H-10407-5 + + + + +
H-10407-19 + + + + +
H-10407-21 + + + + +

H-10407-9 - + - + +
H-10407-22 - + - + +
H-10407-30 - + - + +

aDetermined by agglutination with the specific
adsorbed anti-(H-10407) serum.

h Molecular weight x 10'.

K4)

(-)
Ir
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ring disease in swine. There is also evidence for
analogous surface-associated antigens on E. coli
enterotoxigenic for cattle and sheep, and it
appears that such antigens play a role in the
host specificity of these pathogens (34, 40).
Although the pathogenic mechanisms of ani-

mal-specific enterotoxigenic E. coli are similar
to those of E. coli enterotoxigenic for man, there
is one major exception. Certain animal-specific
strains of E. coli only produce a heat-stable
enterotoxin, whereas all human isolates thus far
have been found to produce both heat-stable
and a potent heat-labile enterotoxin (12, 18, 30).
The heat-labile enterotoxin produced by some
animal strains of E. coli may be identical to that
produced by the human-associated isolates (14,
18).

Heat-stable enterotoxin, heat-labile entero-
toxin, and K88 production are all associated
with plasmids harbored by E. coli (16, 18, 34).
However, the occurrence in human isolates of E.
coli of a plasmid associated with a surface
colonization factor has hitherfore not been re-
ported. In this report we present evidence that
the 60-Mdal plasmid of E. coli H-10407 is
associated with a heat-labile surface antigen
which functions as a colonization factor. Gyles
and co-workers (18) have reported the existence
of this plasmid in E. coli H-10407 but assigned
to it a role in enterotoxin production. However,
here we show that loss of this plasmid does not
alter enterotoxin production in H-10407. How-
ever, spontaneous loss of the 60-Mdal plasmid is
accompanied by the ability to colonize the
small intestine of infant rabbits and the loss of a
heat-labile surface-associated antigen which
possesses pilus-like morphology. This leads us
to conclude that the 42-Mdal plasmid is the ent
plasmid in H-10407. In fact, this has been
confirmed in recent experiments in which we
were able to transfer the 42-Mdal plasmid, and
the ability to produce enterotoxin, from E. coli
H-10407-P to E. coli K-12.

Since strain H-10407-P lacked the coloniza-
tion-associated surface antigen of H-10407, it
was possible to prepare antiserum against
H-10407 and to exhaustively adsorb the serum
with living and heat-killed H-10407-P cells.
This resulted in a specific adsorbed (an-
ti-H-10407) serum which agglutinated only
H-10407 cells; that is, cells possessing the spe-
cific pilus-like antigen. This serum effectively
neutralized the colonization activity of E. coli
H-10407 although the serum had no bactericidal
activity. Furthermore, the specific adsorbed
serum was shown, by electron microscopy, to
react with pilus-like structures on the surface of
E. coli H-10407 cells, structures which were ab-

sent from H-10407-P cells. Clones isolated from
the original H-10407 culture on the basis of their
inability to agglutinate with the specific ad-
sorbed serum were shown to have lost the
60-Mdal plasmid and colonization activity. It is
evident that loss of the 60-Mdal plasmid, along
with retention of the 42-Mdal plasmid (ent), is
responsible for the observed differences between
E. coli H-10407 and H-10407-P.
The results reported here indicate that adhe-

siveness of the E. coli H-10407 pilus-like surface
antigen for the intestinal epithelium probably
plays a role in the observed colonizing activity,
as would be expected from its similarity to the
K88 antigen. However, the data presented here
also show that the mechanism of intestinal
colonization involves an ability to overcome
those intestinal factors which control bacterial
populations in the gut. It is evident that E. coli
such as H-10407-P and H-10405 which lack
colonization activity do survive but do not
attain very large populations in the intestine.
This is not necessarily a surprising result. It
indicates that colonization activity is not sim-
ply a matter of overcoming a physical clearance
mechanism. Furthermore, since colonization
initiated by adhesiveness would likely invoke a
dynamic situation involving as yet ill-defined
surface phenomena, death/survival rates, and
differential growth rates, it would be premature
to speculate on a simplistic mechanism for
intestinal colonization by enterotoxigenic E.
coli. Strains containing only the 60-Mdal plas-
mid will be useful in the investigation of the
mechanism of colonization, but such strains are
not yet available.
The present work leaves many questions to be

answered. For example, how widespread is the
occurrence of the H-10407 colonization factor?
In preliminary studies we have found several
other human-associated enterotoxigenic isolates
from Dacca to be positive when tested for
agglutination with the specific adsorbed anti-
colonization factor antiserum. However, the
multiplicity of surface-associated antigens in E.
coli dictates that the question of antigenic
identity should be approached with caution.

It would be of particular interest to define the
host specificity of the H-10407 colonization
factor. Infant rabbit intestines react rather
nonspecifically to V. cholerae and to enterotoxi-
genic E. coli isolates from both human and
animal sources (9, 30). Therefore it would be of
value to carry out comparative studies employ-
ing piglets, pigs, calves, and lambs as reported
by Smith and Linggood in 1971 (33). The
ultimate test, of course, would be human volun-
teer studies carried out under carefully con-
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trolled conditions; such studies having been
carried out successfully with E. coli and other
bacterial agents of severe diarrhea (3, 8).
Our results indicate that an essential role for

antigenic virulence factors other than entero-
toxin in human enterotoxic E. coli diarrhea can
now be seriously contemplated. Specific sero-
logical tests for such surface-associated antigens
might prove to be simple, rapid, and highly
valuable tools for the diagnosis of enterotoxi-
genic E. coli diarrhea in man. Finally, recent
studies regarding the possibility of artificially
inducing immunological protection against en-
terotoxigenic E. coli causing diarrhea in piglets
(19, 27, 29) and calves (20, 22, 39) deserve
attention. It remains to be determined whether
similar studies may be carried out with regard
to human enterotoxigenic E. coli diarrhea.

ACKNOWLEDGMENTS
The technical assistance of Otokar Brezina, Ronald Koller,

and Suni Klaus is gratefully acknowledged.
This investigation was supported by Public Health Service

grant A1-11365 from the National Institute of Allergy and
Infectious Diseases, by the U. S. Army Medical Research and
Development Command contract no. US DADA 17-70-0110,
and by institutional research support (no. 3208-02) from the
Veterans Administration Hospital, Sepulveda, Calif.

LITERATURE CITED
1. Arbuckle, J. B. R. 1970. The location of Escherichia coli

in the pig intestine. J. Med. Microbiol. 3:333-340.
2. Bazaral, M., and D. Helinski. 1968. Characterization of

multiple circular DNA forms of colicinogenic factor El
from Proteus mirabilis. Biochemistry 7:3513-3520.

3. Cash, R. A., S. I. Music, J. P. Libonati, M. J. Snyder, R.
P. Wenzel, and R. B. Hornick. 1974. Response of man
to infection with Vibrio cholerae. I. Clinical, serologic,
and bacteriologic responses to a known inoculum. J.
Infect. Dis. 129:45-52.

4. Clewell, D. B., and D. R. Helinski. 1959. Supercoiled
circular DNA-protein complex in Escherichia coli:
purification and induced conversion to an open circular
DNA form. Proc. Natl. Acad. Sci. U.S.A. 62:1159-1166.

5. De, S. N., and D. N. Chatterjee. 1953. An experimental
study of the mechanism of action of Vibrio cholerae on
the intestinal mucous membrane. J. Pathol. Biol.
66:559-562.

6. Drucker, M. M., R. Yeivin, and T. G. Sacks. 1967.
Pathogenesis of Escherichia coli enteritis in the ligated
rabbit gut. Isr. J. Med. Sci. 3:445-452.

7. Duguid, J. P., and J. F. Wilkinson. 1961. Environmen-
tally induced changes in bacterial morphology. Symp.
Soc. Gen. Microbiol. 11:69-99.

8. DuPont, H. L., S. B. Formal, R. B. Hornick, M. J.
Snyder, J. P. Libonati, D. G. Sheahan, E. H. LaBrec,
and J. P. Kalas. 1971. Pathogenesis of Escherichia coli
diarrhea. N. Engl. J. Med. 285:1-9.

9. Dutta, N. K., M. Panse, and D. R. Kulkarni. 1959. Role of
cholera toxin in experimental cholera. J. Bacteriol.
78:594-596.

10. Evans, D. J., Jr., L. C. Chen, G. T. Curlin, and D. G.
Evans. 1972. Stimulation of adenyl cyclase by Esche-
richia coli enterotoxin. Nature (London) New Biol.
236:137-138.

11. Evans, D. J., Jr., and D. G. Evans. 1973. Three character-
istics associated with enterotoxigenic Escherichia coli
isolated from man. Infect. Immun. 8:322-328.

12. Evans, D. J., Jr., D. G. Evans, and S. L. Gorbach. 1973.
Production of vascular permeability factor by en-
terotoxigenic Escherichia coli isolated from man. In-
fect. Immun. 8:725-730.

13. Evans, D. J., Jr., D. G. Evans, and S. L. Gorbach. 1974.
Polymyxin B-induced release of low-molecular-weight,
heat-labile enterotoxin from Escherichia coli. Infect.
Immun. 10:1010-1017.

14. Evans, D. G., D. J. Evans Jr., and N. F. Pierce. 1973.
Differences in the response of rabbit small intestine to
heat-labile and heat-stable enterotoxins of Escherichia
coli. Infect. Immun. 7:873-880.

15. Gorbach, S. L. 1971. Intestinal microflora. Gastroenterol-
ogy 60:1110-1129.

16. Gorbach, S. L., J. G. Banwell, B. D. Chatterjee, B.
Jacobs, and R. B. Sack. 1971. Acute undifferentiated
human diarrhea in the tropics. I. Alterations in the
intestinal microflora. J. Clin. Invest. 50:881-889.

17. Gorbach, S. L., and C. M. Khurana. 1972. Toxigenic
Escherichia coli: a cause of infantile diarrhea in Chi-
cago. N. Engl. J. Med. 287:791-795.

18. Gyles, C., M. So, and S. Falkow. 1974. The enterotoxin
plasmids of Escherichia coli. J. Infect. Dis. 130:40-49.

19. Jones, G. W., and J. M. Rutter. 1972. Role of the K88
antigen in the pathogenesis of neonatal diarrhea caused
by Escherichia coli in piglets. Infect. Immun.
6:918-927.

20. Kohler, E. M. 1974. Protection of pigs against neonatal
enteric colibacillosis with colostrum and milk from
orally vaccinated sows. Am. J. Vet. Res. 35:331-338.

21. Miller, J. H. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
New York.

22. Newman, F. S., L. L. Myers, B. D. Firehammer, J. E.
Catlin. 1973. Prevention of experimentally induced
enteric colibacillosis in newborn calves. Infect. Immun.
8:540-543.

23. Orskov, I., and F. Orskov. 1966. Episome-carried surface
antigen K88 of Escherichia coli. I. Transmission of the
determinant of the K88 antigen and influence of the
transfer of chromosomal markers. J. Bacteriol.
91:69-75.

24. Orskov, I., F. 0rskov, W. J. Sojka, and J. M. Leach. 1961.
Simultaneous occurrence of Escherichia coli B and L
antigens in strains from diseased swine. Acta Pathol.
Microbiol. Scand. 53:404-422.

25. @rskov, I., F. Orskov, W. J. Sojka, and W. Wittig. 1964. K
antigens K88ab(L) and K88ac(L) in E. coli. A new 0
antigen: 0141 and a new K antigen: K89(B). Acta
Pathol. Microbiol. Scand. 62:439-447.

26. Radloff, R., W. Bauer, and J. Vinograd. 1967. A dye
bouyant density method for the detection and isolation
of closed circular duplex DNA: the closed circular DNA
in HeLa cells. Proc. Natl. Acad. Sci. U.S.A.
57:1514-1521.

27. Rutter, J. M., and G. W. Jones. 1973. Protection against
enteric disease caused by Escherichia coli-a model for
vaccination with a virulence determinant? Nature
(London) 242:531-532.

28. Silver, R. P., and S. Falkow. 1970. Specific labeling and
physical characterization of R-factor deoxyribonucleic
acid in Escherichia coli. J. Bacteriol. 104:331-339.

29. Smith, H. W. 1972. The nature of the protective effect of
antisera against Escherichia coli diarrhoea in piglets. J.
Med. Microbiol. 5:345-353.

30. Smith, H. W. 1972. The production of diarrhoea in baby
rabbits by the oral administration of cell-free prepara-
tions of enteropathogenic Escherichia coli and Vibrio
cholerae: the effect of antisera. J. Med. Microbiol.
5:299-303.

31. Smith, H. W. 1973. The exploitation of transmissible
plasmids to study the pathogenesis of E. coli diarrhea.
Proc. R. Soc. Med. 66:272-273.

32. Smith, H. W., and S. Halls. 1968. The production of



COLONIZATION FACTOR OF ENTEROTOXIGENIC E. COLI 667

oedema disease and diarrhoea in weaned pigs by the
oral administration of Escherichia coli: factors that
influence the course of the experimental disease. J.
Med. Microbiol. 1:45-59.

33. Smith, H. W., and M. Linggood. 1971. Observations on

the pathogenic properties of the K88, Hly, and Ent
plasmids of Escherichia coli with special reference to
porcine diarrhea. J. Med. Microbiol. 4:467-486.

34. Smith, H. W., and M. A. Linggood. 1972. Further
observations on Escherichia coli enterotoxins with
particular regard to those produced by atypical piglet
strains and by calf and lamb strains: the transmissible
nature of these enterotoxins and of a K antigen
possessed by calf and lamb strains. J. Med. Microbiol.
5:243-250.

35. Smith, T., and M. L. Orcutt. 1925. The bacteriology of
the intestinal tract of young calves with special refer-
ence to the early diarrhea ("scours"). J. Exp. Med.
41:89-106.

36. Stirm, S., F. Orskov, I., Orskov, and A. Birch-Andersen.
1967. Episome-carried surface antigen K88 of Esche-
richia coli. III. Morpholygy. J. Bacteriol. 93:740-748.

37. Stirm, S., F. Orskov, I. rskov, and B. Mansa. 1967.
Episome-carried surface antigen K88 of Escherichia
coli. II. Isolation and chemical analysis. J. Bacteriol.
93:731-739.

38. Timmis, K., F. Cabello, and S. N. Cohen. 1974. Utiliza-
tion of two distinct modes of replication by a hybrid
plasmid constructed in vitro by separate replicons.
Proc. Natl. Acad. Sci. U.S.A. 71:4556-4560.

39. Wilson, M. R. 1972. The influence of preparturient
intramammary vaccination on bovine mammary secre-

tions. Antibody activity and protective value against
Escherichia coli infections. Immunology 23:947-955.

40. Wilson, M. R., and A. W. Hohmann. 1974. Immunity to
Escherichia coli: adhesion of enteropathogenic Esche-
richia coli to isolated intestinal epithelial cells. Infect.
Immun. 10:776-782.

VOL. 12, 1975


